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What next for Mars? 


Future missions to the red planet require coordination — and a keen eye on costs. 


nagging questions about how to study Earth’s most interest- 

ing neighbour. Mars has been visited by spacecraft more often 
than any other planet. Yet the frequency of the probes has made them 
no cheaper. The Phoenix mission, a bargain by NASA standards, 
cost more than US$400 million — almost half the annual budget of 
the US Geological Survey that studies Earth’s terrain. NASA’s next 
planned mission to the Martian surface, a rover known as the Mars 
Science Laboratory (MSL), has a budget that was pushing $2 billion 
even before last week’s announcement that its launch date was to be 
delayed by two years; it will now comfortably exceed that sum. 

Granted, investment on this scale has produced stunning science. 
Mars has been mapped from orbit in exquisite detail. The remarkably 
long-lived Spirit and Opportunity rover missions, which landed five 
years ago next month, have produced a rich scientific understand- 
ing of the surface. And Phoenix itself has revealed a polar environ- 
ment more dynamic than anything yet seen on the planet, with frosts 
coming and going, douds dropping gentle snows and subsurface ice 
vanishing into vapour. 

What this huge investment has not produced, however, is the long- 
term infrastructure and reusable technology that would make future 
missions more affordable. ‘To take one example: the most difficult 
part of any mission to the Martian surface is landing, yet every such 
mission to date has used technology tailored from scratch. There are 
currently no plans to reuse the rocket landing system painstakingly 
developed for Phoenix mission, nor the air bags of the rover missions, 
nor even the ambitious ‘sky crane’ system that will supposedly lower 
MSL to the surface from a kind of rocket-powered hovercraft. 

This constant reinvention is an indulgence that planetary 
exploration programmes can no longer afford. The United States 
and Europe, which have so far led the way in Mars exploration, 
should also lead the way in this respect by jointly reusing technol- 
ogy wherever it is remotely feasible. Rather than developing a new 
parachute-braking system, for example, the ExoMars rover being 
planned by the European Space Agency (ESA) could commit to 
using the air-bag technology deployed by NASA’ rovers, and use as 


T= story of the Phoenix Mars lander (see page 690) raises 


many of the other components from those missions as possible. 

Looking further ahead, NASA, ESA and perhaps the new spacefaring 
nations in Asia should jointly start developing standard technologies 
for Mars exploration. One example might be a landing system designed 
to deliver hardy sensors to the surface at high speed, allowing the piece- 
meal, pay-as-you-go deployment of a planet-wide network to monitor 
Mars’s meteorology and seismology. Another might be a shared, long- 
lived communications infrastructure: satellites in orbit around Mars 
with large antennas pointed towards Earth that are designed to relay 
even weak signals from the various science payloads. Such a system 
would mean that payloads could be built much more cheaply. 

Meanwhile, the most effective way to improve the returns on Mars 
exploration would be better cost discipline. Missions understandably 
go over budget. There is always pressure to indude more instruments, 
not least because researchers are aware of how few opportunities there 
are. And the incentives to be realistic in initial budgeting are relatively 
small, as the missions are unlikely to be cancelled if the costs escalate. 

Cancelling, or radically downscaling, overbudget missions such 
as MSL would set science back in the short term. It would also be 
difficult politically, as aerospace contractors and NASA’ spacecraft- 
building centres have a lot of clout. But the only way to make Mars 
exploration a more regular affair is to stop the missions from costing 
too much. Eventually, a virtuous circle could be established: cheaper 
missions would mean more of them, which would mean less pres- 
sure to overload each one, in turn keeping the costs down. The fact 
that a series of failures followed an attempt to do this in the 1990s 
does not mean it was the wrong thing to do; it means that the effort 
needs clearer management and accountability, technology that can 
be reused from mission to mission and patience. 

The hard truth is that trying to understand one planet from the 
surface of another is going to be a long, drawn-out affair. The early 
history of the space age, in which ancient points of light turned over- 
night into worlds as complex as our own — accompanied by detailed 
and often spectacular images — promised an unsustainable pace of 
progress. The progress of planetary science now demands time and 
a sound strategy. rT] 


Watching Big Brother 


The world is sleepwalking into a surveillance society. 
A European court ruling offers a timely wake-up call. 


opinion to which the developers and users of new technolo- 
gies should pay heed. “Any state claiming a pioneer role in 
the development of new technologies,” the court said, bears spe- 
cial responsibility for “carefully balancing the potential benefits of 


Te European Court of Human Rights last week issued an 


the extensive use of such techniques against important private-life 
interests.” 

This timely reminder, coming just before the 60th anniversary on 
10 December of the Universal Declaration of Human Rights, was a 
strike at the British government's policy of keeping DNA fingerprint 
records on an ever-growing number of innocent people in England 
and Wales. That policy was indeed pioneering: the United Kingdom 
authorized the world’s first national DNA database in 1994. The 
database has since proved helpful in solving a small but significant 
number of crimes, and many countries have followed suit. But the 
system, originally intended to cover only people convicted of serious 
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offences such as murder and rape, has expanded to include samples 
from anyone arrested for any recordable offence — even dropping 
litter — and to keep them on record even if the arrest does not lead 
to a conviction. Moreover, the data have been used not just to match 
individuals to crimes, as originally intended, but also for more dubi- 
ous applications such as searching for a perpetrator’s blood relatives 
(see Nature 449, 377-378; 2007). 

As a result, Britain's DNA database has grown to become propor- 
tionally the largest in the world; it contains samples and data for 7% of 
UK citizens, far ahead of Austria in second place with 1%. The Euro- 
pean Court’s decision thus paves the way for 850,000 people, indud- 
ing tens of thousands of children, to have their records removed. 

DNA databases are but one small tip of the emerging surveillance 
society. Even leaving aside law-enforcement and security initiatives, 
vast amounts of data are being collected by private firms through 
citizens’ use of credit cards, mobile telephones and electronic travel 
tickets, not to mention the Internet and e-mail. These data are typi- 
cally gathered not for any sinister purpose, but as legitimate efforts to 
offer customers better service. But the databases exist. And wthout 
strong safeguards, they could slowly and steadily be linked into an 
all-pervasive monitoring system that would make George Orwell's 
concept of 1984 look technologically tame — all in he name of secu- 
rity, efficiency and convenience. 

Such concerns are certainly not new; Orwell’s book was published 
in 1949. But the dizzying pace of technological advance makes them 


ever more salient — even as it makes the world’s multitude of existing 
privacy acts seem light-years behind. Scientists, in particular, have 
an ongoing responsibility to reflect on the human-rights issues raised 
by the technologies they develop, and to lobby for appropriate over- 
sight and controls. The risks posed by overzealous surveillance (see 
page 680) and the associated technologies are topics that should be 
addressed by the American Asso- 
ciation for the Advancement of Sci- 
ence’s Science and Human Rights 
Coalition, a forum of scientific bod- 
ies and human-rights groups to be 
created in January 2009 (see Nature 
456, 2; 2008). 

Technology can be a powerful 
force for human rights. Earth- 
observation satellites, for example, have provided evidence on con- 
flicts and ethnic atrocities in areas where journalists are banned. 
And DNA fingerprinting has resulted in the freeing of wrongly 
convicted individuals, a role exemplified by the US Innocence 
Project in New York. The idea that the identity of a human can be 
revealed from samples of any cell in his or her body is a symbol 
of the fact that every person is unique. The dedaration of human 
rights asks us to treasure and honour all these unique individuals 
with respect for their autonomy — not to simply look for better 
ways to barcode them. a 


“Without strong 
safeguards, databases 
could slowly and 
steadily be linked 

into an all-pervasive 
monitoring system.” 


Failure in the field 


The US military's human-terrain programme needs 
to be brought to a swift close. 


attempt to have social sciences inform military decision- 
making, is failing on every level. 

In theory, it is a good idea. The Human Terrain System aims to 
embed anthropologists and other social scientists in military units 
in Iraq and Afghanistan to help improve understanding of local 
cultures and thus relieve tensions between civilians and soldiers. In 
practice, however, it has been a disaster. Questions have been raised 
about how well the programme vets its employees (see Nature 455, 
583-585; 2008). Some scientists who have joined the system have 
complained about inadequate training. And qualified researchers 
have been dismissed for seemingly trivial reasons, even though 
much more questionable people seem to breeze onto the payroll. 

A case in point is Issan Hamama. Under investigation by the 
Federal Bureau of Investigation since 2003 as a pssible former spy 
for Saddam Hussein, Hamama nonetheless managed to secure a job 
as a translator for the Human Terrain System. Late last month, he 
was arrested in Maine and indicted for conspiracy; he is currently 
free on bail. 

Another contractor, bodyguard Don Ayala, is also out on bail 
after being indicted for a murder committed in Afghanistan last 
month. According to a military affidavit, Ayala shot Abdul Salam 


T= US Department of Defense’s Human Terrain System, an 


676 


at close range in the head after Salam doused his colleague, social 
scientist Paula Lloyd, with petrol and set her on fire. Lloyd had 
approached Salam on the street — he was carrying a fuel jar — to 
ask him about the price of petrol. 

Lloyd returned to the United States to recover from her burns; 
some of her colleagues have not been so lucky. Social scientist 
Michael Bhatia was killed in Afghanistan in May; Nicole Suveges, 
a PhD student from Johns Hopkins University in Baltimore, Mary- 
land, died in Iraq the following month. 

Their names and sacrifices should be remembered. But the pro- 
gramme that employed them should not — except, perhaps, as an 
example of yet another good idea gone wrong on the war fields of 
Iraq and Afghanistan. 

The immediate problems with the Human Terrain System can be 
traced to BAE Systems, the military contractor based in Rockville, 
Maryland, that screens potential employees, then trains those it 
hires. It has failed in every one of those functions, and army man- 
agement has failed in its oversight of BAE. 

But the larger question is whether the Human Terrain System is 
viable at all. Nature is not opposed in principle to academics work- 
ing with the military; we have said before that social science can 
and should inform military policy (see Nature 454, 138; 2008). We 
continue to believe that the insights of science have much to offer 
strategies in a wa’ zone — not least through training combat troops 
to understand the local cultures within which they operate. 

But as currently constituted, the Human Terrain System is not the 
way to do this. Unless the programme can be reborn in a frmat less 
plagued by deadly mistakes, it needs to be closed down. : 
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ASTRONOMY 


That's the weigh to do it 


Astrophys. J. 689, 1044-1062 (2008) 

The star SO-2 orbits very close to the black 
hole at the centre of the Milky Way. More 
than a decades worth of data from the Keck 
telescope in Hawaii has allowed Andrea Ghez 
of the University of California, Los Angeles, 
and her colleagues to produce a model of this 
star’s orbit around the black hole that is by far 
the most accurate to date. 

Using measurements of S0-2’s movement 
back and forth along a straight line between 
it and Earth, and also of its movements from 
side to side, the researchers estimate that 
the black hole, if stationary, has a mass of 
between 4 million and 5 million times that of 
the Sun, and is 8-8.9 kiloparsecs from Earth. 


DEVELOPMENTAL BIOLOGY 
Swing time 


Development 136, 129-138 (2009) 

All mammalian embryos grow up female 
unless told not to, with their ‘supporting’ cells 
turning into granulosa cells, which occur 

in the ovaries. Only when a Y-chromosome 
gene called Sry triggers the supporters to 
specialize as testicular cells that nurture 
growing sperm — Sertoli cells — does 
maleness follow. 

A team led by Yoshiakira Kanai of the 
University of Tokyo has created a line of 
transgenic mice in which the turning on 
and off of Sry can be very tightly controlled. 
Using these mice, they have shown that Sry 
activation must occur during a six-hour 
window eleven days after mating if the adult 
is to have Sertoli rather than granulosa cells. 


MATERIALS SCIENCE 
Tough shell secrets 


Science 322, 1516-1520 (2008) 

Nacre, the substance that forms the shell 

of many molluscs, is an extremely strong 
material, even though it is made anly of 
brittle and soft components. This has inspired 
researchers at the Lawrence Berkeley National 
Laboratory in California to create a material 
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Climate fallout 


Geophys. Res. Lett. 
doi:10.1029/2008GL035556 
(2008) 

Most glaciers have 

a radioactive layer 
corresponding to the period 
of atmospheric nuclear 
testing in the 1950s and 
1960s. The Naimona’nyi 
glacier, which sits six 
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kilometres above sea level 
on the Tibetan mountain of 
the same name (pictured), 
lacks this fallout layer, 
according to ice cores drilled 
by Natalie Kehrwald of Ohio 
State University in Columbus 
and her colleagues. This 
suggests that the glacier has 
accumulated no new ice for 
more than 50 years. 
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It is therefore the highest 
glacier reported to be 
annually losing mass. If 
the same is true for other, 
similarly situated glaciersin _ 
the region, the downstream 
consequences for people 
who depend on the glaciers’ 
meltwater — a significant 
fraction of Asia's population 
— could be severe. 


with a similar architecture to nacre’s but 
such superior toughness that its strength is 
comparable to that of aluminium alloys. 

Robert Ritchie and his co-workers noted 
that the secret to nacre’s useful properties 
lies in the stacking of its layers, which stops 
cracks from propagating. They recreated 
this feature using aluminium oxide and an 
organic polymer. The polymer was grafted 
(pictured below left) onto micrometre- and 
nanometre-scale ceramic pieces to help the 
two substances stick together. 


MOLECULAR BIOLOGY 


Not so common sense 


Science doi:10.1126/science.1162253; doi: 10.1126/ 
science.1162228 (2008) 
A surprising number of the proteins that 
transcribe DNA into RNA are reading the 
DNA backwards, two large-scale surveys 
report. 

RNA polymerases use DNA templates to 
make RNA molecules, some of which are 
then used to make proteins. Phillip Sharp of 
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the Massachusetts Institute of Technology 
in Cambridge and his colleagues have found 
that, whereas one type of polymerase binds 
to the start of a gene and proceeds towards 
the end, another often binds near the start 
site and heads in the opposite direction. This 
creates a shorter, ‘antisense’ (complementary) 
RNA molecule. 

Meanwhile, John Lis and his colleagues 
at Cornell University in Ithaca, New 
York, reached a similar conclusion after 
creating a quantitative map of sites at which 
polymerase is bound to DNA and is actively 
synthesizing RNA. The function of these 
short antisense RNAs remains unclear. 


MICROBIOLOGY 
The ABC of anthrax 


PLoS Pathog. 4, €1000210 (2008) 

The bacterium that causes anthrax, Bacillus 
anthracis, is a quiet little spore — until it gets 
into a mammal. Then it produces a host- 
killing toxin and self-protecting capsules in 
response to higher bicarbonate levels than 


normally occur in the environment. How it 
recognizes this compound was the subject 

of a recent study by Marta Perego and her 
colleagues at the Scripps Research Institute in 
La Jolla, California. 

They searched the literature for other 
organisms that use bicarbonate, and found 
work on a photosynthetic bacterium, 
Synechococcus elongatus. This shuttles 
bicarbonate through its cell membrane 
by means of a multiprotein structure 
known as an ABC transporter. A scan of 
B. anthracis’ genome for genes that encode 
similar proteins pinpointed a section named 
BAS2714-12. Deleting this region rendered 
the pathogen harmless to mice. 


ECOLOGY 


The alien within 


Proc. Natl Acad. Sci. USA 
doi:10.1073/pnas.0809423105 (2008) 

South American fire ants (Solenopsis invicta) 
have been shown to invade Florida's extensive 
pine flatwoods only where human activities 
such as mowing or ploughing create a 
disturbance. 

Joshua King and Walter Tschinkel of 
Florida State University in Tallahassee set up 
several types of plot: undisturbed, mowed 
and ploughed, and added fire ants to some 
of each plot type. Fire ants can't displace 
native ants on their own; instead, disturbance 
makes this possible by reducing native ant 
populations and creating habitats in which 
fire ants do particularly well. 


NANOTECHNOLOGY 
Scalable solution 


Nature Nanotech. doi:10.1038/nnano.2008.365 
(2008) 

Sodium; ethanol; heat; sound waves: those 
easy-to-come-by, cheap ingredients are 

all that John Stride and his team at the 
University of New South Wales in Australia 
needed to make a couple of grams of pure 
carbon in the form of graphene. 

Graphene is just one atom thick and 
looks like molecular chicken wire. First 
isolated in 2004, i is the strongest material 
known, and should make tomorrow’s mix 
of power-hungry consumer gadgets lighter 
and more efficient. The problem has been 
that graphene is devilishly difficult to 
manufacture in large amounts. 

Stride and his colleagues first reacted 
ethanol and sodium, then broke down a 
solid intermediate of the reaction by heating. 
This generated a fused pack of graphene 
sheets that they then broke apart with gentle 
sonication. 


ANIMAL BEHAVIOUR 


Love bite 


J. Evol. Biol. doi:10.1111/j.1420-9101.2008.01636.x 
(2008) 

Female sagebrush crickets (Cyphoderris 
strepitans) munch off males wingtips during 
mating (pictured), stimulating an immune 
reaction that saps males’ energy and makes it 
harder for them to woo other females. 

Scott Sakaluk and his students at Illinois 
State University in the town of Normal 
arrived at this conclusion after measuring the 
cost of the immune response to male sexual 
vigour. They injected some wild-caught 
virgin males with lipopolysaccharides that 
trigger their immune systems, and others 
with a substance that has no sud effect. 

Lipopolysaccharides drastically 
reduced the courtship behaviour and mate 
procurement of male sagebrush crickets. 
Females seem to gain nothing more than a 
good meal from this act of aggression. 


IMMUNOLOGY 


T cells get tired 


Nature Immunol. doi:10.1038/ni.1679 (2008) 
During chronic infection, immune systems’ 
T cells often lose their ability to fight 
pathogens. Research now shows that this 
T-cell exhaustion is caused by complex 
negative-feedback pathways that depend 
on the types of inhibitory receptor the cells 
express on their surfaces. 

By examining gene expression in mice with 
a chronic infection, John Wherry of the Wistar 
Institute in Philadelphia, Pennsylvania, and his 
colleagues found that up to seven inhibitory 
receptors, which are not made in fully 
functional T cells, are expressed in exhausted 
T cells. The more severe the infection, the 
more members and amounts of this septet the 
T cells produced. 

Simultaneously blocking the function 
of two such receptors — PD-1 and LAG-3 
— incompletely restored exhausted T cells 
activity, indicating that multiple pathways are 
involved in T-cell exhaustion. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Eric D. Tytell 
University of Maryland, 
College Park 


A neuroscientist marvels at our 
ability to learn unnatural tasks. 


| find driving mind-boggling. As 

a neuroscientist studying motor 
control, |am amazed that nervous 
systems can adapt to the unnatural 
demands of operating a car. After 
all, humans did not evolve in 
habitats with steering wheels or 
accelerator pedals. What makes 
our ability to drive so curious is 
that it requires the modification 
of reflexes — twisting the steering 
wheel, for instance, rather than 
jumping aside, when an obstacle 
approaches. 

Mark Wagner and Maurice 
Smith have shed some light on this 
curiosity. They show that the brain 
generalizes unnatural physical 
regimes, such as driving, to 
produce an appropriate corrective 
response to an unexpected change, 
even when that change has not 
been met before (M. J. Wagner 
and M. A. Smith J. Neurosci. 28, 
10663-10673; 2008). 

The duo trained undergraduates 
to reach quickly for a target with 
one hand while holding on toa 
motorized arm with the other. The 
faster the students reached, the 
stronger the motorized arm pushed 
them off course. 

Initially, the students made large 
errors, but they soon compensated 
for the lateral forces. Were their 
brains learning the dynamics of 
the new force, though, or were 
they reassigning the activation of 
muscles in the spinal cord from 
those for reaching towards those 
that normally help to generate 
sideways pushes? 

Surprising the students with 
a sudden pulse of force in the 
reaching direction provided an 
answer. They compensated with 
almost ideal corrective forces, 
which spinal reflexes alone could 
not have achieved. The slight delay 
in the students’ responses also 
indicates that their brains were 
working from an internal model 
of the new force regime. How the 
brain develops such a model is 
unknown, but this paper should 
drive that research. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS 


Malaria vaccine gets shot 
in the arm from tests 


Promising results pave the way for a vaccine candidate 
to undergo full-blown trials across Africa. 


A long-anticipated candidate vaccine for 
malaria may be more than 50% effective at 
preventing the disease in African children, say 
results published this week in The New Eng- 
land Journal of Medicine'”. The work sets the 
scene for phase III dinical trials to start within 
the next few months. 

The vaccine, called RI'S,S, has been in devel- 
opment for more than two decades’, and ear- 
lier studies had suggested that it was effective at 
rates of little better than 30%. Yet even modest 
protection against malaria is deemed a success 
because of the disease’s deadly and endemic 
nature. But “there’s something quite impor- 
tant in getting beyond 50%’; says Kevin Marsh, 
director of the KEMRI-Wellcome research pro- 
gramme in Kilifi, Kenya. “It really strengthens 
the argument that it will be possible to develop 
something like a complete vaccine” 

Malaria experts are impressed with the 
latest findings, which were also presented on 
8 December at a meeting of the American 
Society of Tropical Medicine and Hygiene in 
New Orleans, Louisiana. “Overall, these show 


good progress with RTS,S,’ says Adrian Hill, 
director of the Jenner Institute in Oxford, UK, 
who was not directly involved in the work. 

The results are from phase II trials con- 
ducted at three sites in western Africa by the 
vaccine developer GlaxoSmithKline (GSK) and 
a wide-ranging team of clinical, academic and 
non-profit funding partners. The next step will 
be phase III trials, which scale up the numbers 
treated. These will be funded largely by the Bill 
& Melinda Gates Foundation in Seattle, and 
will involve up to 16,000 children at 10 sites in 
7 African countries (see map). 

In work described in me of the new papers’, 
more than 800 children aged 5 to 17 months in 
Kenya and Tanzania received either the RTS,S 
vaccine or a rabies vaccine as a cantrol. After an 
average follow-up of eight months, only 32 chil- 
dren in the RTS,S group had developed clinical 
malaria compared with 66 in the control group. 
That corresponds to roughly 53% efficacy. 

The trial tested a newer vaccine formula- 
tion that uses an adjuvant called ASO1 to help 
stimulate an immune response. ASO1 seems 


to trigger much stronger antibody responses 
in the body than the previous adjuvant used, 
but this still doesn’t translate into massive gains 
in protection against clinical malaria. Marsh, 
a co-author of the work, calls this disparity 
puzzling and frustrating, as complicated clini- 
cal trials such as these are the only way to get 
a good idea of efficacy. Part of the problem, 
Marsh says, is that “no one really knows how 
RTS,S works”. 

The other study, conducted in Bagamoyo, 
Tanzania, was smaller and was mainly con- 
cerned with the feasibility and safety of admin- 
istering RTS,S with other vaccines. A group 
of 340 infants was given either RTS,S or the 
hepatitis B vaccine, together with routine vac- 
cines for diphtheria, tetanus, pertussis and 


France cracks down on Iranian scientists 


Europe's largest basic-research 
agency, the CNRS in France, is now 
vetting not only non-European 
Union (EU) researchers working 
on sensitive topics, but also all 
scientists from Iran regardless of 
what they work on. Researchers 
allege that the move exacerbates an 
already difficult situation in which 
visa applications are denied based 
on nationality. 

A 12 November memo, relayed by 
the CNRS's security office from the 
state national security and industrial 
espionage services, requires that all 
projects with Iran go through formal 
security screening, to identify ones 
potentially meriting further scrutiny. 
It translates UN sanctions that call 
for member states not to provide 
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lran with technical assistance or 
training that might be used for the 
proliferation of weapons of mass 
destruction, says Joseph 
Illand, who heads the 
CNRS security office. 

It's the first case Illand 
can recall of such an 
explicit country-specific 
instruction at the 
CNRS — although 
similar, if unwritten, 
restrictions have 
in practice long 
been in effect 
for Iran and 
other countries 
considered as 
security risks. 
Given the threat 


is normal, he says. 
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of proliferation, such extra scrutiny 


The rules expand 
on those introduced in 
January 2005, which 
require extra scrutiny 
for visits from 
non-EU scientists 
whose work relates 
to an undisclosed 
list of ‘sensitive’ 
laboratories or topics. 
In such cases, the heads 
of host laboratories must 
give details of proposed 
visits, and their opinion 
of the visitor, to security 
authorities. For less- 
sensitive laboratories, 
lab heads need only 
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declare foreign visitors monthly, 
whereas no-risk labs must simply 
maintain an internal register that 
can be consulted by authorities if 
needed. 

In recent years, Iranian 
researchers have struggled for 
academic equality and scientific 
access. In July, for instance, the 
Netherlands banned Iranians from 
accessing nuclear laboratories or 
courses, and the United States has 
subjected Iranian visa requests to 
lengthy interagency reviews in the 
wake of the terrorist attacks of 11 
September 2001. Britain last year 
also introduced tough vetting of 
non-EU science students. 

The fact that France is cracking 
down on Iranian researchers 
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Two African studies raise hopes that an effective 
malaria vaccine may be in sight. 


Haemophilus influenza type b, offered under 
a World Health Organization immunization 
programme. “Using the vehicle of distribu- 
tion that already exists would make it easy to 
rapidly scale up the accessibility of a potentially 
good malaria vaccine to many children,” says 
first author Salim Abdulla of the Ifakara Health 
Institute in Bagamoyo. 

RTS,S, used in this study with the older 
adjuvant ASO2, did na interfere with the other 
vaccines; nor did these other vaccines interfere 
with the ability of RTS,S to elicit an immune 
response. Although the study was not designed 
to test for effectiveness, the results did suggest 


that malaria infection rates were lower in 
vaccinated children. 

Questions remain about how long protec- 
tion might last. A study* in Mozambique pub- 
lished in 2004 fund that the RTS,S vaccine was 
more than 30% effective in children aged 1 to 
4 years. Long-term follow-up in one cohort 
showed that that efficacy was 
maintained, but unpub- _ 
lished data on a sec- 2 
ond cohort showed 
a dramatic fall in the 
18 months following 
vaccination. 

Joe Cohen, a 
vice-president at 
GSK and a key devel- 
oper of RTS,S, says 
these findings have been 
submitted for publication. According 
to other sources, several factors could 
explain the fall-off, including a report- 
edly high transmission rate at the site 
of cohort two. But Cohen is still upbeat 
about RTS,S based on many other com- 
pleted trials. “Right now we feel extremely 
confident with the overall data,” he says. 

New trials, and continued follow-up on 
current studies, should help pin down exactly 
for how long efficacy might be maintained. 
The phase III trials will be conducted in areas 
of varying transmission rates, which may affect 
the observed efficacy. And in general, sites 
with ongoing malaria trials tend to have lower 
transmission rates than other parts of Africa, 
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simply because countermeasures such as bed- 
nets are more widely available at these devel- 
oped research sites. 

Some researchers, including Hill, want 
greater attention paid to developing a more 
effective second-generation vaccine. This 
might combine RTS,S with other promising 
candidates, which he says GSK has been reluc- 

tant to agree to. Cohen says GSK would 
be willing to try combinations 
with other vaccine candidates 
of proven efficacy, but so far 
there arent any. 
’ Still, the new results 
pe 


have e dged 
Kisumu, Kenya 
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RTS,S closer 
to its goal. “The 
vaccine is clearly 
having an effect, 
and were all waiting 
expectantly to see how 
it stands up in the large 
phase III studies,” says 
Stephen Hoffman, who 
was involved developing 
RTS,S precursors but now 
works on another malaria vac- 
cine candidate at his company 
Sanaria in Rockville, Maryland. “It’s 
an exciting time.” a 
Brendan Maher 
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doesn't surprise Carthage Smith, 


lranians to avoid administrative 


Christian Bonatti at the CNRS's 


Industrial Physics and Chemistry 


deputy executive director for the 
International Council for Science 

in Paris, and amember of its 
human-rights committee. “There 
are legitimate concerns in the 
international community at present 
about the risk of technology transfer 
to lran and other specific countries,” 
he says. “We can't ignore that.” 

But he worries about how the 
rules might be implemented. “Any 
vetting must be separate from 
country lists, with each individual 
case being judged on its merits,” 
he says. Otherwise, overzealous 
bureaucrats could turn country 
listings into effective blacklists. 
Formalizing extra vetting for 
lranian researchers may have 
secondary effects, admits Illand, 
in that French hosts might show 
less interest in collaborating with 


hassle, or government bureaucrats 
may be tempted to play safe and 
turn down visa applications. Many 
within the CNRS and the French 
administration, he says, support 
greater collaboration 


Institute of Mathematics, part 

of the University of Bourgogne 

in Dijon. Tahzibi took a year's 

sabbatical, bought plane tickets for 

himself and his family, rented an 
apartment in Dijon, 


with Iran as a form of "They need to and arranged schooling 
scientific diplomacy. stop looking at for his son. The visa 
Overall statistics researchers’ never materialized. “To 
are not available, but wait up until just hours 
Nature has gathered passports, and before your flight in the 
complaints from more start looking at hope of getting a visa 
than a dozen Iranian their work.” without obtaining any 
scientists who allege e response was torture 


that French authorities 

recently either refused their requests 

for visas or simply never responded. 
Take Ali Tahzibi, a mathematician 

and Iranian national at the Federal 

University of Sao Carlos in Brazil. 

In July he applied for a visa to work 

for a year, starting in October, with 


for a family with a little 

child,” says Tahzibi. 

Visa-seeking researchers 
share common stories of being 
passed back and forth within the 
French bureaucracy. “It's a typical 
administrative vicious circle," says 
Pierre Sens, a researcher at the Paris 
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Higher Educational Institution, 
who tried to intervene on behalf 

of a former postdoc and Iranian 
national. The office of Valérie 
Pécresse, the minister of research 
and higher education, declined to 
comment on the allegations or their 
impact on collaboration, instead 
referring Nature to the ministry of 
immigration. 

The cases and the CNRS policy 
are “absolutely astonishing, if not 
scandalous on the part of a country 
suchas France, which sees itself as 
the cradle of human rights”, says 
Thierry Dauxois, a CNRS physicist 
at the Ecole Normale Supérieure in 
Lyon. “They need to stop looking at 
researchers’ passports, and start 
looking at their work.” |] 
Declan Butler 
See also Editorial, page 675. 
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the Freed paper “so important that it went 
through intense vetting”. 

Clashes between academics and conservation 
managers are not uncommon — but rarely 
do relations become quite so strained. Since 
2006, Freed has not been granted permits to 
work in the reserve because of the ongoing 
disputes. When Freed asked graduate students 
to follow the birds instead, Richard Waas, the 
refuge manager at the time, demanded that 
they stop, saying they did not have the neces- 
sary permits. Refuge officials then threatened 
to call law-enforcement rangers. 


Blocked projects 

Dawn Reding, now a PhD candidate at Iowa 
State University in Ames, is one of several 
students who have been affected by the situ- 
ation. She says that being refused permission 
for her akepa study in 2004 delayed her mas- 
ter’s project by a year; “I was really upset,” 
she says. 

Matthew Medeiros, a native Hawaiian and 
undergraduate student, says that his proposal to 
use artificial nests to study akepa was rejected 
because of the conflict. “If you were associated 
with [Freed], Jeffrey blocked everything,” says 
Medeiros, who is now a graduate student at the 
University of Missouri in St Louis. 

Jeffrey says the student cases have been 
“blown out of proportion”. 

For years Freed and refuge officials also 
argued over how best to assess blood sam- 
ples from akepa to test them for malaria. The 
fight dragged on for so long that key work was 
approved only after Freed’s federal grant for the 
work had expired. 

Gary Ostrander, the vice-chancellor for 
research at the University of Hawaii, says he 
hopes the university can “continue to work 
collectively” with the refuge. a 
Rex Dalton 


opposed the proposal, arguing that it was 
prejudicial to basic scientists. “It's a terrible 
idea," said Thomas Kelly, director of the Sloan- 
Kettering Institute in New York City. “It invites 
gaming the system. You check that [human 
subjects] box and get 50% more space.” 

Mary-Claire King, a geneticist at the 
University of Washington in Seattle, argued 
that applications involving human subjects do 
not require any more space than those for “flies, 
worms, mice, bacteria or yeast". 

The decision of whether or not to implement 
the change ultimately rests with Kington, who 
says it will be made “pretty quickly". Whatever 
the outcome, the new rules won't come into 
effect until 2010. | 
Meredith Wadman 


Plant hormone study pulled 


Two years ago, three papers’ * made 
a splash in the plant biology world by 
identifying protein receptors for abscisic 
acid (ABA), a key hormone in plant 
physiology. This week, Nature is retracting 
one of those papers’ after reports that the 
work could not be replicated. The two 
other papers still stand, although one’ has 
been questioned by several researchers*’. 
The retraction is a setback in the search 
to find receptors for ABA, a notoriously 
difficult task. ABA responds to environ- 
mental stresses such as drought, and is an 
alluring target for agricultural companies 
hoping to produce drought-resistant crops. 
The retraction in Nature comes from the 
team that did the work, led by Robert Hill 
of the University of Manitoba in Winni- 
peg, Canada. Hill says the experiments 
were carried out by postdoc Fawzi Razem, 
who has since left the university; Hill says 
he does not know for where. A Nature 
reporter was unable to contact Razem. 
John Danakas, director of public affairs 
for the university, says that he cannot 


broke up a binding interaction between 
the receptor candidate FCA, involved 
in flowering, and another protein, FY, 
because ABA bound better to FCA than 
did FY. In fact, he says, the FY protein 
was not properly prepared, and probably 
never bound to FCA at all. Another 
experiment purporting to show direct 
binding between FCA and ABA was 
miscalculated and, says Hill, “the assay 
procedure is also suspect”. 

Some plant-hormone specialists had 
wondered about the results of this and 
the other papers from the beginning, as 
they did not fit with the rest of what was 
known about ABA. The studies all used 
in vitro biochemical techniques to identify 
the receptor, rather than the more usual 
method of identifying and cloning mutated 
genes before determining if they coded for 
a receptor. 

“There was nothing really wrong with 
the paper; you couldn't say ‘this gel isn’t 
any good’, says Peter McCourt, an ABA 
specialist at the University of Toronto, 


comment on this case Canada. But “none of it = 

in particular, but says linked up withanyofthe 9% 

that “normally when genetics that had been g 

there are problems done in the previous 3 

with research results 20 years”. 

being reproducible, The other papers identify 

there would bean similarly unexpected 

investigation at the receptors. “People who are 

senior administrative doing this are sceptical and 

level”. are not putting all their 
According to the money on these findings,” 

search tool Scopus, says Jianhua Zhang, who 

Hill’s paper has been works on other aspects of 

cited 120 times, and is ABA at Hong Kong Baptist 

the most highly cited Protein isolation can be tricky in University. 

study among the 95 plants, such as thale cress. Day blames the problems 


results for ‘abscisic acid 
receptor’ in the past three years. 

Hill says he moved on from the project 
after the paper was published, but started 
to realize something might be wrong 
after some of his postdocs returned to 
it in late 2007 and could not replicate 
the results. He was also contacted by 
Catherine Day of the University of Otago 
in Dunedin, New Zealand, who could 
not repeat the work either. “I suspect 
it has hurt a lot of people,” he says. “It 
certainly hurt my lab quite significantly. 
I certainly feel very bad about it and am 
very apologetic to the community.” 

According to Hill, his team interpreted 
an experiment as showing that ABA 
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on tricky assays. “I think 

they’ve just had a bad start. These proteins 
are difficult to work with.” McCourt 
thinks such experiments might be too 
complicated to pursue. Collecting proteins 
from plant cells for binding studies is 
easier said than done, he says, as plant cells 
are particularly crowded, complex places. 

Meanwhile, Hill says, “I just want to get 
this behind me.” a 
Emma Marris 
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Patent pledge to Indian universities 


Critics worry that the push for technology transfer is moving too fast. 


India’s parliament will soon be 
scrutinizing a bill intended to help 
publicly funded institutes and 
universities commercialize their 
research. India’s science minister, 
Kapil Sibal, is confident that the bill 
will become law and will help Indian 
universities “make millions through 
patents”. 

But the bill has been pushed 
through without an open debate and 
is not publicly available, prompting 
concern. “In a democracy you cannot 
bulldoze a bill like this,” says Pushpa 
Bhargava, former vice-chair of the 
National Knowledge Commission. 

The idea is widely believed to 
be the brainchild of Raghunath 


Kapil Sibal, India's science minister, wants the universities to create wealth. 


the Federation of Indian Chambers < 
of Commerce and Industry (FICCT) & 
in October. “We need to create an Es 
environment in which wealth can 2 
be generated from the university 
system.” 

Only a few top institutes in India 
have a good grasp of patents and 
markets. Between 1990 and 2002, 
Indian universities accounted for 
only 3% of patents filed by Indian 
organizations in the Indian patent 
office, and 1% of Indian patents 
filed in the US patent office, accord- 
ing to the New Delhi-based National 
Institute of Science, Technology and 
Development Studies. Researchers 
at institutes without a well-devel- 


Mashelkar, former director-general 
of the Council of Scientific and Industrial 
Research (CSIR), who has turned his own labs 
into veritable patent factories (see Nature 442, 
120; 2006). After the knowledge commission 
backed the move in 2007, the government 
asked the Department of Biotechnology to 
draft wording for the bill, which the Indian 
cabinet approved on 31 October. It had been 
slated to go before a parliamentary committee 
this month, but the Mumbai terror attacks may 
cause it to be pushed into early 2009. 

The bill is modelled on the 1980 US Bayh- 
Dole Act, which allowed US universities to 


patent discoveries derived from federally 
funded work. According to the Indian bill, sci- 
entists would be allowed to retain 30% of the 
net income earned from patents and licences. 
The scientist’s institute would retain 40%, with 
the rest going into a fund maintained by the 
institute for managing intellectual property. 
Researchers in publicly funded institutes or 
universities would also be allowed, for the first 
time, to set up and work in private companies 
without having to leave their academic jobs. 
“The benefits of publicly funded research are 
not reaching the public,” Sibal told a meeting of 


oped technology-transfer office can 
apply to the National Research Development 
Corporation in New Delhi for help in commer- 
cializing their work. 

Heads of publicly funded institutes sup- 
port the bill in principle. “This will empower 
universities in an era of patents and competi- 
tiveness,” says Samir Brahmachari, director 
general of the CSIR. But he notes that scien- 
tists and institutes also need to strike a balance 
between earning profits and keeping the pub- 
lic interest in mind, especially in fields such as 
affordable health care and infectious diseases. 

Most university academics have not read > 


India creates funding council for 


The Indian government plans to create an 
independent agency to promote basic research 
in science and engineering, along the lines of the 
US National Science Foundation, prime minister 
Manmohan Singh announced last week. 

The new body, to be called the National 
Science and Engineering Research Board 
(NSERB), is expected to control an annual 
budget of 10 billion rupees (US$200 million) 
annually — equivalent to about 15% of last year’s 
total funding for science — in new funding. “It 
will provide unfettered financial assistance to 
researchers, academic institutions, research 
laboratories and industrial concerns,” Singh told 
scientists on 3 December. 

The idea of an autonomous funding agency 
was first mooted by the Department of Science 
and Technology (DST) in 2002. Prominent 


scientists including C. N. R. Rao, chairman of the 
prime minister's scientific advisory council, have 
been lobbying for it since. “I am happy that it has 
finally come through,” says Rao. 

Parliament will establish the NSERB during its 
session beginning this week, and the agency will 
be functional from the financial year beginning 
1 April 2009, says DST secretary Thirumalachari 
Ramasamy. Its nine-member board will be 
chaired by an eminent scientist, to be named by 
the cabinet, and will have several advisory panels. 

Scientists can currently get funding from 
departments such as health, agriculture, energy 
or biotechnology — but usually only for research 
related to these areas. The biggest source of 
funds for basic science is the DST's Science & 
Engineering Research Council (SERC), which was 
set up in 1974, Last year, it distributed 3.6 billion 
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basic science 


rupees for projects in all disciplines. 

Rao says that the current funding mechanisms 
are too bureaucratic. Ramasamy says that “the 
NSERB can be fast” as it is not subject to the 
same government rules as SERC. SERC would 
continue to function but only to provide money 
to improve university science laboratories and to 
handle scholarship and fellowship programmes. 

The idea of an autonomous board is 
“wonderful”, says Seyed Hasnain, vice-chancellor 
of the University of Hyderabad and a member of 
the prime minister's scientific advisory council. 
“My only concern is it should not end up as 
another agency funding scientists in institutions 
already having a big budget. The bulk of the 
board's funding must go to university researchers, 
who are most neglected now.” |] 
K. S. Jayaraman 
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the bill, and their opinions on the initiative are 
mixed. Some welcome it, saying it will increase 
awareness of patenting. Others are concerned 
that teaching and basic research might get 
sidelined. 

Indian industry is enthusiastic about the 
move. Amit Mitra, the FICCI’s secretary 
general, argues that the Bayh—Dole Act helped 
US universities earn revenue from key discov- 
eries, such as the anti- AIDS drug stavudine 
at Yale University and recombinant-DNA 
technology at the University of California and 
Stanford University. 

But some analysts say that the US model 
cannot be replicated in India, where most 
universities are hampered by poor funds 
and outdated infrastructure, and where 
fewer students are choosing to take up sci- 
ence. “Many students end up doing neither 
frontline basic science nor applied tech- 
nology, and fall in-between with mediocre 
work,’ notes Ashok Parthasarathi, former 
science adviser to the Indian government. 
He says the bill is both “impractical and 
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infeasible” to implement, specifying what he 
calls “absurd time periods”. The university or 
laboratory in question would need to notify 
the government about patentable results 
within 60 days of realizing the patent poten- 
tial, and indicate within 90 days the countries 
it would file patent in. 

“One should not expect Indian universities 
to have an instant capacity to file and main- 
tain patents, follow up on infringements, and 
negotiate technology transfers,” adds Krishna 


Ravi Srinivas, an associate fellow at the £ 
New Delhi-based Research and Information & 
System for Developing Countries. Still, he says, 5 
“a beginning has to be made somewhere, and ” 
Bayh-Dole is the best model we have”. 

Within the past few years, China, Bra- 
zil, Malaysia and South Africa have passed 
Bayh-Dole-type laws, hoping to capitalize on 
their research. But some experts argue that 
this approach may not work in developing 
countries. 

Bhaven Sampat, an economist at Columbia 
University in New York City and co-author of a 
recent study on the subject (A. D. So et al. PLoS 
Biol. 6, e262; 2008), argues that Bayh—Dole did 
not significantly affect the commercialization 
of US academic research. He cites 2006 data 
from the Association of University Technology 
Managers that suggest US universities, hospi- 
tals and research institutions derived $1.85 
billion from technology licensing — less than 
5% of the money they received from federal, 
state and industry funders. 

T. V. Padma 


UN suspends leading carbon-offset firm 


As international climate talks began last week 
in Poland, the United Nations (UN) suspended 
the work of the main company that validates 
carbon-offset projects in developing countries, 
sending shockwaves through the emissions- 
trading business. 

Based in Oslo, Det Norske Veritas has in the 
past four years validated and certified almost 
half of the 1,200 projects approved under the 
1997 Kyoto Protocol’s Clean Development 
Mechanism (CDM). At its meeting on 28 
November in Poznan, the CDM’s executive 
board temporarily withdrew Det Norske Ver- 
itas’s accreditation after a spot check carried out 
in early November at the firm’s headquarters 
revealed serious flaws in project management. 

The board did not specify which projects are 
affected, but cites problems with the company’s 
internal auditing processes, and says that one of 
its staff members was verifying CDM projects 
without proper qualifications. As a result, “vali- 
dation activities could not be demonstrated to 
be based on appropriate sectoral expertise’, the 
board reports. 

Det Norske Veritas is a risk-assessment and 
consulting company with about 8,000 employ- 
ees in more than 100 countries. Its 2007 revenue 
was 8 billion Norwegian krone (US$1.1 billion). 


Environmental groups have criticized the social 
impact of the Xiaoxi hydropower station. 
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It was the largest of 19 companies entitled to 
validate and certify projects proposed under 
the CDM, which aims to cut greenhouse-gas 
emissions by promoting dimate-friendly energy 
technologies, such as wind or hydropower. 
Certified emission-reduction credits from 
verified projects can be traded and sold on the 


emissions market, helping industrialized coun- 
tries to meet their emissions-reduction targets 
under the Kyoto Protocol. However, only envi- 
ronmentally sustainable projects that would 
demonstrably not go ahead without additional 
revenue from sales of these credits are meant to 
be approved. 


PATHOGEN PROBLEMS 
Budget woes for top UK 
biocontainment laboratory. 
www.nature.com/news 


Det Norske Veritas says that it is surprised 
by the board’s strong reaction, and promised 
immediate action to regain its accreditation. “It 
is very unfortunate, but we don’t want to start 
arguing about the decision,” says Tore Hoifodt, 
a senior vice-president and director of corpo- 
rate communication for the company. “We 
feel that CDM, an emerging business, is still 
under development. We do have the required 
competencies, but we accept that we have to 
improve.” 

While suspended, Det Norske Veritas can- 
not propose new CDM projects to the UN 
for formal approval. Hoifodt says that 20-30 
projects currently in the process of validation 
are likely to be delayed, and that the company 
will not take on new projects for as long as the 
suspension is valid. It will continue to validate 
and verify ongoing projects. 

Critics of CDM have long warned of possible 
conflicts of interest, pointing out that private 
companies such as Det Norske Veritas have a 
business interest in not deterring customers 
by being too critical about proposed projects. 

The environmental campaign group Inter- 
national Rivers, based in Berkeley, California, 
for example, claims that firms such as Det Nor- 
ske Veritas and the Munich-based TUV-SUD 
Group, the largest German verifying company, 
have been too lax in heir assessment of the social 
and environmental impacts of hydropower 
projects in India and China. 

The companies reject these accusations. 
“Our reviews, such as of the Xiaoxi hydropower 
project in China, are carried out in agreement 
with guidelines set up by the World Commis- 
sion on Dams,’ says Thomas Oberst, a spokes- 
man for TUV-SUD. The company has not yet 
had a spot check by the CDM executive board, 
but expects one very soon, he adds. 

Since 2005, when the Kyoto Protocol came 
into force, CDM projects under way in 51 
countries are thought to have saved some 
250 million tonnes in greenhouse-gas emis- 
sions. The UN hopes that the scheme will 
help to abate almost 3 billion tonnes by the 
end of 2012, when the Kyoto Protocol is due 
to be replaced by a new treaty, currently being 
debated at Poznan. 

But analysts say that ensuring reliable veri- 
fication is a serious problem, and that the 
decision to suspend the largest player sends a 
powerful signal to others in the business. 

“The UN has made dear it won't stand for lax 
validation,” says Martin Kruska, a CDM expert 
with the First Climate Group, a carbon-trading 
consultancy near Frankfurt, Germany. “This is 
a warning not to be ignored” a 
Quirin Schiermeier 
For a blow-by-blow report of the Poznan 
conference, see http://tinyurl.com/6edhzj. 


Kansas wins race to host 
biodefence research centre 


The US government is to put its $563-million 
National Bio and Agro-Defense Facility (NBAF) 
in Manhattan, Kansas. The bid from Kansas 
State University beat four university-linked 
applicants to replace the ageing Plum Island 
Animal Disease Center in Greenport, New 
York, as the leading national research centre on 
the most dangerous animal diseases. 

But hiring the 300 or so trained researchers 
and support personnel needed for the centre 
and its biosafety level-4 (BSL-4) laboratory 
will be a stiff challenge — especially as the 
number of biocontainment facilities is rising 
nationwide. 

Sixteen months ago, Kansas State University 
finished building 21 BSL-3 labs as part of its 
$54-million Biosecurity Research Institute. 
But no research is under way there yet as the 
state's government has frozen recruitment, 
and only a few dozen staff members are 
preparing to be certified to work in the labs. 

The concept behind the Biosecurity 
Research Institute was “build it and they 
would come", says its interim director Beth 
Montelone. University officials had hoped that 
biotech businesses or outside researchers 
would use the labs on a fee-for-service basis. 
Officials now hope that some Plum Island 
labs may move their research there before the 
NBAF is completed in 2014. 

The other university-oriented bids to host 
the NBAF came from Georgia, Mississippi, 
North Carolina and Texas. The race had its 
roots in the anthrax terrorist attacks of 2001, 
after which the US government went ona 
spending spree to develop new biosecurity 
research complexes. It built one BSL-4 lab in 
Galveston, Texas, which was dedicated last 
month, and another is under construction in 
Boston, Massachusetts. 

The Department of Homeland Security has 
also funded a series of 13 regional facilities of 
BSL-3 labs — in 2003, Kansas State University 
lost out to the University of Missouri for one 
of those. Last week, Kansas politicians began 
talking of their success in securing the NBAF 
before federal officials had announced their 
decision. Senator Pat Roberts (Republican, 
Kansas) boasted of his lobbying on his website. 
He was instrumental in earlier pushing through 
a federal $11-million appropriation for the 
Biosecurity Research Institute, which is housed 
ina hall named after him. 

The inclusion in the NBAF shortlist of 
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Pat Roberts has supported Kansas State. 


Mississippi — a site that ranked poorly in 

an initial review of 18 sites — raised some 
questions about the selection process. Asked 
if the final selection was political or scientific, 
Ron Trewyn, Kansas State University's 
vice-president for research, said: “lam very 
comfortable saying this was a scientific 
decision.” 

In its bid, the university highlighted that it 
has a veterinary college and BSL-3 labs that can 
accommodate animals up to 400 kilograms. It 
also flagged up the presence of the renowned 
husband-and-wife team of veterinarians Nancy 
and Jerry Jaax, and Juergen Richt, an expert in 
zoonoses who was hired last summer froma 
US Department of Agriculture facility in lowa. 

But even the best laid plans can't account 
for everything. In Texas, the new Galveston 
National Laboratory and its BSL-4 lab 
physically survived the devastation of 
Hurricane Ike in September — although 
its host institution, the University of Texas 
Medical Branch (UTMB), was forced to close 
temporarily with an estimated $700 million 
in damage. Nearly 4,000 people were laid 
off — mostly clinical personnel but also some 
125 research-oriented staff, including the 
attorney who handles biosecurity issues for the 
Galveston lab. Last week, some of those laid off 
filed a lawsuit to get their jobs back. 

Even after Ike, the Texas lab is expected 
to become operational next year; the Boston 
facility should follow soon after. To help 
cope with the rising demand, both UTMB 
and Kansas State University have recently 
launched programmes to train more workers 
for biosecurity labs. Whether it will be enough 
remains to be seen. | 
Rex Dalton 
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French research faces 
shake-up in reform plans 


The board of France’s National Centre 

for Scientific Research (CNRS) formally 
approved controversial reforms (see Nature 
453, 573; 2008) on 27 November that would 
split the agency into nine semi-autonomous 
institutes, with a recommendation for a tenth 
in computing. The meeting required police 
protection from protesting researchers. 

A draft of government proposals for 
a reform of French life sciences was also 
revealed last week by the newspaper 
Libération (see http://tinyurl.com/6ov4e8). 
It proposes the creation within two years 
of an overarching research council — the 
National Institute of Life Sciences — which 
would coordinate policy at the national 
biomedical agency INSERM, and health- 
related life sciences within the CNRS and 
other research agencies. 

The report also suggests regrouping all 
life sciences within a single research agency, 
along the lines of a recent recommendation 
made by an invited foreign panel led by Elias 
Zerhouni, former head of the US National 
Institutes of Health. 


Mars mission delayed by 
concerns over reliability 


The launch of the Mars Science Laboratory, 
a one-tonne rover, has been delayed from 
October 2009 until late 2011. 

NASA officials were concerned by the 
reliability of the motor units that drive 
both the rover’s wheels and the joints of 
its robotic arm. The mission to look for 
signs of past life on Mars was slated to cost 
$1.6 billion when it was authorized in 2006, 
but now it is predicted to need between 
$2.2 billion and $2.3 billion to enable it to 
run until 2014. NASA expects to have to 
delay other missions to help cover the cost. 

The increasing expense of Mars 
exploration prompted Ed Weiler, NASA‘s 
associate administrator for science, to 


Unreliable? The Mars Science Laboratory. 


Hadron collider faces long wait for repairs 


The Large Hadron 
Collider (LHC), the 
world’s most powerful 
particle accelerator, 
will not restart its 
beams before July 
2009, according toa 
post-mortem report on 
an accident that shut it 
down on 19 September. 
Repairs to the 
machine, located at 
CERN, the European 
particle-physics 
lab near Geneva, 
Switzerland, will cost 
up to 35 million Swiss 
francs (US$29 million) 


and will require 53 magnets to be removed from the tunnel for 


inspection and repair. 


The accident, which happened just nine days after the collider circulated its first 


beams, sent thousands of amps of electricity coursing through the machine's refrigeration system, 
creating a hole (main picture) that released several tonnes of helium coolant, leading to further 
damage (inset). Technicians will install new diagnostics and additional safety systems around the 
machine's 27-kilometre ring to prevent a similar blowout happening. 

For a longer version of this story, see http://tinyurl.com/4zp97a 


announce that the agency will partner with 
the European Space Agency on future major 
missions. 

For a longer version of this story, see 
http://tinyurl.com/57tahj 


Obama makes green choice 
for commerce department 


US president-elect Barack Obama selected 
New Mexico governor Bill Richardson 
to head the commerce department on 
3 December. The appointment highlights 
the importance of green jobs, energy and 
climate-change science within the agency. 
The commerce department oversees 
economic policy as well as climate science, 
satellite operations and ocean fisheries 
regulation at the National Oceanic and 
Atmospheric Administration (NOAA), 
with a budget of $3.9-billion for fiscal year 
2008. The National Institute of Standards 
and Technology also comes under the 
jurisdiction of the department. 
Richardson was elected governor in 
2002, and has made a broad push for the 
development of clean energy in New Mexico. 


UK scientists promised 


£250 million for training 


The UK Engineering and Physical Sciences 
Research Council is set to spend £250 million 
(US$370 million) on creating 44 centres to 
train 2,000 PhD students over the next five 
years. Expanding a small pilot scheme, the 
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interdisciplinary centres for doctoral training 
will accept their first batch of students next 
October. Spread across 22 UK universities, 
they will focus on areas including climate 
change, sustainable energy, health-care 
technologies and nanotechnology. Seventeen 
of them will have strong ties to business: 
students will spend up to 75% of their time 
training with industrial partners. 

For a longer version of this story, 

see http://tinyurl.com/6xmedw 


Institutions to disclose 
more commercial ties 


An eminent US academic medical centre 
last week began publicly disclosing the 
financial interests of its 1,800 doctors and 
scientists. The website of the Cleveland 
Clinic in Ohio will list the collaborations 
with industry of every staff physician and 
scientist, including consulting relationships 
that pay $5,000 or more per year. 

The medical school and health system 
of the University of Pennsylvania in 
Philadelphia plans to launch a similar 
disclosure system in spring 2009. 

Other medical institutions are under 
growing pressure to follow suit. Senator 
Charles Grassley (Republican, Iowa) is 
aggressively investigating under-reporting 
of financial relationships by scientists 
funded by the National Institutes of Health. 
He has also introduced legislation that 
would oblige drug and device makers to 
make public all physician payments of $500 
or more in cash or kind. 
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PHOENIX: A RACE AGAINST TIME 


Eric Hand reports on the short life and hard times of the little Mars lander that sort-of-could. 


y the standards of Tucson, Arizona — let alone the 
northern plains of Mars — Ithaca, New York, is lush 
in any season. But winter is coming on. The autumn 
foliage is already past its prime as Peter Smith strides 
up the steep hill towards the Cornell University campus. It 
is 14 October, and Smith, a professor at the University of 
Arizona, is scheduled to give a talk on the status of NASA's 
Phoenix lander at the annual meeting of the American 
Astronomical Society’s Division of Planetary Science. 
Smith is Phoenix’s principal investigator, and the only 
academic ever to have overall responsibility for running 
a mission on the surface of Mars. He has decided to walk 
from his downtown hotel to the conference centre, and 
the unseasonably sunny weather is exacting its toll. A 
patch of sweat spreads from the centre of his bright 
orange golf shirt towards the burning, beady-eyed 
bird emblazoned on his breast: the Phoenix mission 
badge. 

Smith is not the first speaker in the session on ongo- 
ing NASA missions; that is local hero Steve Squyres, 
the Cornell professor responsible for 
the science packages on Spirit and 
Opportunity, the rovers that have been 
trundling across the planet indefatiga- 
bly since 2004. Squyres bounds up onto 
the stage in boots and blue jeans: “I’ve 

only got 20 minutes for this, so hang 
onto your seats.” After a whirlwind tour 
of hills dimbed, craters visited and geo- 
logical features studied, Squyres finishes with the lat- 
est ambition for Opportunity: a 12-kilometre trek to a 
crater 22 kilometres across. It could take up to two years 
to complete. 
Smith looks tired as he maunts the stage. He stands back 
from the podium and flashes a smile. “You know, there’s a 
big difference between Steve and me,” he says. “Steve's always 
moving. I stay in one place. fm kinda a cauch guy, ya know? So 
our missions are like that, too.” But for all his self-depreciation, 
Smith talks with real pride about what his team of, at its peak, 
300 people has done. It has delivered a comparatively cheap 
spacecraft to the surface of Mars, and set it down on a plain rich 
in near-surface ice. The analytical lab on board has found evi- 
dence of intriguing salts; Smith shows a picture of strange spots 
on one of the lander’s legs that might, conceivably, be water 
droplets (see Strange brew; page 692). Another instrument has 
found evidence for carbonates, formed in the presence of water, 
and a weak signal that, Smith says, might just be due to organic 
molecules — something never detected before on Mars. So 
much to relish and pursue — if only there were more time. 
But there isn’t. Whereas Squyre’s rovers have had their 
mission stretched from its original 90 sols — the term used 
for a Martian day — to 1,700 and counting, nothing like that 
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Artwork based on a photomosaic that captures 360° of the flat 
landscape around Phoenix. 


"The mission's not 
quite what | thought 


it would be at the 
beginning.” 
— Peter Smith 


is possible for Phoenix. The plain it sits on is far to the north 
of the rovers, and the winter that is swiftly coming on is harsh 
enough to freeze the thin atmosphere onto Phoenix’s body. The 
scientists running the various instruments are jockeying for a 
share of the ever-lower power levels as the days get shorter and 
the sun sinks lower; the end is in sight. The Cornell talk is on 
the mission’s 138th sol. Smith knows that well before sol 200 the 
mission will be over, the lander dead on its darkling plain. 


Reversal of fortune 

The mission has taken its toll on Smith, normally a gregarious, 
happy-go-lucky man. During the talk, he charms the audience 
with his humour. But over lunch he is uncharacteristically 
downbeat, even testy. “It's not quite what I thought it would 
be at the beginning,” he says, picking at his food. “We're right 
there, next to a soil that has all these wonderful secrets locked 
into it. We've got the right instruments, we've got the right 
people involved, everything is perfect. And we can't quite get 
those bits of scientific knowledge out of our instruments. It’s a 
frustration, I tell you. We're going right down to the wire.” 

Phoenix was a child of misfortune. After the 
success of Mars Pathfinder in 1997, the first 
landing on Mars since those of the Vikings in 
1976, NASA’ Mars programme managers had 
taken up then-Administrator Dan Goldin’s 
mantra of “faster, better, cheaper’, trying to 
deliver two small, innovative spacecraft to the 
planet every two years. But in September 1999, 
Mars Climate Orbiter burned up in the planet's 
atmosphere because no-one had noticed a confusion between 
metric and imperial units in the navigation commands. Three 
months later Mars Polar Lander (MPL) was lost as t made its 
way to a site near the planet’s South Pole, probably because its 
thrusters shut off while it was still 40 metres up in the air. 

Taking no more chances, in 2000 NASA cancelled a lander 
planned for 2001 that would have used the same design as MPL. 
And a proposed orbiter, the Mars 2003 Surveyor, lost its launch 
opportunity to Squyres’ rovers. This put Smith in dire straits. 
Smith had run the main camera on Mars Pathfinder, and had 
MPL survived he would have done the same on that mission. 
He had also been working on providing and running cameras 
for both the cancelled missions, work now curtailed. “I had no 
job. I lost 35 employees. I had no missim.’ Smith went to work 
for University of Arizona colleague Alfred McEwen, who was 
managing the Hi-Rise camera for the Mars Reconnaissance 
Orbiter, due to fly in 2005. 

But faster, better, cheaper was not quite dead. In 2002, NASA 
opened up a competition for a new ‘Mars Scout line of low- 
cost missions, modelled after its Discovery missions to the rest 
of the Solar System. Smith got back into the fray. He was the 
cameraman on six of the Scout proposals — and the principal 
investigator on a proposal of his own. “No matter who won, he 
says, “I would win too.” 

Smith’s proposal, Phoenix, was an ingenious one. It would 
use hardware from the abandoned 2001 lander to run a mission 
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similar to the ill-fated MPL — but flipped from 
one pole to the other. Bill Boynton, a burly, 
balding colleague of Smith's at the University 
of Arizona, and also a veteran of MPL, was 
in charge of a y-ray spectrometer on Mars 
Odyssey, an orbiter launched in 2001. He was 
finding evidence of broad haloes of near-sur- 
face hydrogen extending out from the planet’s 
polar ice caps. The implication was that there 
was water ice in the plains, and that it was 
close enough to the surface to be studied with 
little more than a trowel. The northern plains 
seemed to be as icy as MPIs target site in the 
south, but with the advantages of being flat, 
mostly boulder-free and at much lower eleva- 
tion. A spacecraft landing there would have 
considerably more atmosphere to slow it down 
before reaching the surface. 

The Phoenix proposal suggested a landing 
on those northern plains with two specific 
goals: to study the history of water in the Mar- 
tian arctic, and to assess the biological poten- 
tial of the boundary between the ice and soil, 
in search of evidence of an environment that 
might be habitable. In 2003, to the surprise of 
many, Phoenix won the competition to become 
the first Mars Scout, beating a range of less tisky 
missions. As on the Discovery missions, Smith 
would be in charge of everything. A project 
manager at the Jet Propulsion Laboratory (JPL) 
in Pasadena, California, would supervise the 
contracts and construction of the mission. But 
Smith's out-of-the-way university would be the 
operational home. 


So beautiful, so new 

Smith’s science operations centre is ina 
residential neighbourhood a few kilometres 
from the university campus in Tucson. It is 
a low-slung, stucco building amid the dun- 
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coloured homes, anonymous but for a bright, 
almost garish mural showing Pho enix’s 
descent to Mars. On 25 May — sol zero — 
hundreds of scientists, engineers and their 
families gathered there to munch on picnic 
food and watch the tracking information 
relayed to Earth via Odyssey and the Mars 
Reconnaissance Orbiter as Phoenix’s inter- 
planetary voyage came to an end. 

In what the team was calling the ‘seven 
minutes of terror, Phoenix plunged through 
the thin air. The blackened heat shield was 
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Sol 0: Principal investigator Peter 
Smith celebrates Phoenix's safe 
touchdown, as depicted on the 
mural outside the mission's science 
operations centre. 


jettisoned. The parachute opened. Mission 
controllers called out altitudes. Twelve retro- 
rocket thrusters began a rapid fire dance of 
high-pressure hydrazine. After a final twist to 
orient itself to maximize the amount of sun- 
light its solar panels would absorb, Phoenix 
touched down. It was the first landing on Mars 
since the Vikings to use rockets, not air bags, to 
cushion the descent, and in the imaginations 
of the scientists and engineers back on Earth 
it had done so flawlessly. In Tucson, people 
cheered and clapped and cried. “The landing 


Strange brew 


“People always joked about 
finding oil on Mars,” says 
Michael Hecht of the Jet 
Propulsion Laboratory in 
Pasadena, California. “What 
more could you ask for than 
to take a shovel-full of soil, 
rinse it with water, and have 
pure rocket fuel?” In terms 
of human exploration, says 
Hecht, “we actually found 
gold!”. 

In fact, Hecht and his 
colleagues on Phoenix's 
wet-chemistry experiment 
had found perchlorate ions. 
Perchlorate is a powerful 
oxidizing agent — that's why, 
inthe form of ammonium 
perchlorate, it is used in 
rockets. And the idea that the 
Martian soil might contain 
oxidizers has been around 
since the days of the Viking 


landers as an explanation 
for the perplexing lack of 
organic molecules (see Nature 
448, 742-744; 2007), with 
peroxides favoured for the 
task. When Hecht and his 
colleagues found perchlorate 
levels of a few per cent inthe 
slurries of soil and terrestrial 
water they made in Phoenix's 
little chemistry beakers, they 
immediately saw they had 
come up with an interesting 
alternative. 

But Hecht and his team 
got even more excited about 
some of the other properties 
of perchlorate salts. They have 
a great avidity for water anda 
low-temperature stability that 
makes them much less toxic 
than peroxides. Perchlorate 
salts can also, at high enough 
concentrations, make a 
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pretty good antifreeze. These 
properties had implications 
for the possible habitability 
of the Martian subsurface 
— and also for its study. 
The absorptive tendencies 
might explain the stickiness 
that made the mission’s soil 
samples so hard to handle. 
The stability means that, 
unlike peroxides, perchlorates 
in the Martian soil would not 
necessarily be poisonous. 
They might even be food. On 
Earth, water contaminated 
with perchlorate is treated 
with bioremediation — that 
is, by getting microbes to 
eat it up. And the antifreeze 
effect could, conceivably, 
allow water to stay liquid 
in the comparatively warm 
conditions of a high-latitude 
Martian summer. If you want 
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was probably the biggest high of the 
whole mission,’ says Smith. “We 
were told over and over and over 
again to expect it to fail.” 

The influx of data was, at first, as 
smooth and splendid as the landing 
had been. As the scientists adapted 
their bodies to sols instead of days 
— an extra 40 minutes every 24 
hours leads to something like per- 
manent jet lag — Phoenix’s main 
camera, mounted two metres above 
the plain, started on a panorama. 
Early shots revealed cracks in the 
soil that marked out polygons of 
different sizes. The cracks hinted at 
cycles of warming and cooling that 
had changed over time — in sync, 


Sol 20: Phoenix spots possible chunks of ice (arrow) in the Dodo- 
Goldilocks trenches. By sol 24 they are gone (right). 
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they would speak to Phoenix’s goal 
of assessing habitability. 

TEGA, based ona similar 
instrument that had flown on MPL, 
was run by Boynton. The man who 
was detecting ice from orbit with 
one spectrometer would also melt it 
down on the Martian ground to sniff 
its isotopes with another. TEGA was 
at the heart of Phoenix’s planned sci- 
ence, Boynton says. Its results were 
the most eagerly anticipated, and its 
care and feeding took up a great deal 
of the team’s time. Impressively, the 
workhorse had been put together for 
just $13.6 million by a dozen univer- 
sity scientists and technicians. But 
TEGA was temperamental from the 


perhaps, with oscillations in the 

tilt and orbit of Mars. The lander’s robot arm 
reached out and scratched at the ground, and 
on sol 20 the camera saw some pale nuggets at 
the bottom of a trench a few centimetres deep. 
Four sols later they were gone; it was ice that 
had sublimed from solid to vapour after being 
exposed to the balmy warmth of the polar sum- 
mer: -31 °C that day, according to the lander’s 
meteorological station. 

The pictures were meant to be just an appe- 
tizer; the main course was to be soil samples 
fed into Phoenix’s eight tiny bellies, each of 
them an oven that could bake its contents to 
1,000 °C. Phoenix’s nose, a mass spectrom- 


eter, would sniff the gases given off, detecting 
compounds down to concentrations as low as 
10 parts per billion. The whole ovens-plus- 
spectrograph system was the Thermal and 
Evolved Gas Analyzer (TEGA), and it was cru- 
cial to the mission's goal of seeking out organic 
compounds in the soil. Viking had failed to find 
such compounds; but TEGA had hatter ovens 
and a landing site where, some argued, the ici- 
ness of the soil would preserve organic com- 
pounds well (see Nature 448, 742-744; 2008). 
Such compounds might not be evidence of life 
— various apparently lifeless sites in the Solar 
System have complex carbon chemistry — but 


moment it was put to work. 


By this distant northern sea 

In April 2007, a few days before TEGA was 
shipped from Tucson to Lockheed Martin 
in Denver, where it would be bolted onto the 
spacecraft, a short circuit was found in a fila- 
ment inside the mass spectrometer. It was not a 
fatal flaw; there was time to clear up the prob- 
lem, and the instrument had a second filament 
as backup. On sol 4, though, the backup fila- 
ment was found to have a short circuit, leaving 
TEGA without a safety net and heightening 
the stress on Boynton’s team. Towards the end 
of June, on sol 25, another short circuit was 


to fuel speculation, rather than 
rockets, the possibility of liquid 
water and microbe food on Mars is 
about as good as it gets. 

Nilton Renno, a member of 
Phoenix's science team from the 
University of Michigan at Ann 
Arbor, became fascinated by that 
possibility. Early in the mission, 
Renno suggested that little specks 
on the lander's legs were splashes 
of salty mud kicked up by its 
retro-rockets during the landing. 
However, when the camera 
returned to check on the legs 
weeks later, the images suggested 
something extraordinary: the 
specks might be growing. 

Renno now says that the specks 
— which he claims are not only 
growing but also merging and 
moving — had become briny water 
droplets. The lander legs, he says, 
are about 20 °C warmer than the 
surface because of the spacecraft's 
heaters. This, combined with the 
effects of perchlorate, allowed 


droplets to form. If liquid water 
exists on the lander leg in just a 
few randomly spattered spots, he 
speculates, what about in the soil 
itself? On Earth, small layers of 
briny water exist within massive 
chunks of sea ice. Why couldn't 
the same be true in the boundaries 
between ice and soil on Mars 
where salts might be expected to 
accumulate? “I’m not saying that 
there's liquid water everywhere 
on Mars. I’m just saying that these 
results suggest that it is possible,” 
says Renno. 

The idea has been hotly debated 
within the team. Renno says he 
will submit a paper to the Journal of 
Geophysical Research that describes 
the droplets and asserts that briny 
water is “common”. He says he 
has two dozen co-authors from 
the science team. But there are 
some notable absences on the list, 
including Hecht and Ray Arvidson, 
asenior mission scientist from 
Washington University in St Louis. 


“My impression is that Nilton is 
running with the most spectacular 
hypotheses,” says Arvidson. 

Principal investigator Peter Smith, 
who has not yet decided whether 
to stay on the paper as a co-author, 
says the ‘barnacles’ might have 
been created chemically by the 
lander's retro-rockets. “Maybe 
it's telling us more about thruster 
interaction with the surface than it's 
telling us about Mars.” 

Hecht agrees with Renno that 
the specks on the lander leg are 
probably made of H,O — but the 
frozen kind. He says that the lander 
legs, mostly in shadow, are likely to 
be colder, not warmer, and that the 
shifting of shadows can cause the 
temperature variations needed to 
explain the growth and movement 
of the ice. “We would all love to 
find liquid water dripping around 
Mars,” says Hecht. “I think it's an 
extraordinary claim. | say, ‘do you 
have the extraordinary proof?””. 

The mission’s last scoopful 
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Sol 8: Specks on the lander's legs 
could turn out to be briny water. 


might have gone some way to 
providing that, with a sample 
from comparatively deep within 
a trough between two ‘polygons’ 
—agood spot for perchlorate to 
accumulate. Unfortunately the 
sample was so sticky it couldn't 
be dislodged into the chemistry 
beaker. Perchlorates giveth, 


perchlorates taketh away? E.H. 
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discovered, this time in one of the 
oven units, probably caused by the 
shaking the unit was subjected to 
as the spacecraft operators tried 
get some surprisingly sticky soil 
through a grating. Again, the short 
wasnt fatal — it affected only one 
of the ovens — but it added to the 
nervousness both in Tucson and at 
NASA headquarters. 

On missions led by principal 
investigators, such as the Discover- 
ies and Scouts, NASA is supposed 
to defer to the scientist in charge 
on all matters of scientific opera- 
tion. But Phoenix was high profile 
and some of its instruments a little 
erratic. At headquarters, everyone 


Bill Boynton oversees development work on Phoenix. 
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manufacturer, Honeybee Robotics 
of New York. New parts were deliv- 
ered and installed. But Honeybee 
had made the new parts using the 
original flawed designs — and 
nobody in Tucson checked them. 
“They should've caught it and we 
should’ve caught it, but neither of 
us did.” says Boynton, ruefully. 
Boynton says that the problems 
with TEGA weren't lost capabili- 
ties, but lost time: “the clock was 
running against us”. After three 
unsuccessful weeks attempting 
to get some pure ice into an oven, 
the NASA directive was relaxed, 
and the Phoenix team went for its 
preferred option: scrapings of icy 


from Administrator Michael Grif- 

fin down was involved in daily reviews of the 
mission, says Doug McCuistion, Mars explora- 
tion programme chief at NASA. At the end of 
June, word came down that the Phoenix team 
was to treat its next TEGA sample as its last, 
and to go after a sample of rock-hard ice before 
it did anything else. The Tucson team had lost 
its autonomy. 

“We stepped in, I'll be honest,” says McCui- 
stion. Boynton — a bit of a bulldog when it 
came to keeping control over his instrument 
— acknowledges the logic: “NASA was really 
afraid ... that if we never got the ice it would 
be embarrassing.” But he and Smith still resent 
the way that the mission was taken over. “That's 
not the way you do these things,” says Smith. 
“That's why we were pushed at the end.” 

It took the team days to figure out how to get 
the scraps of ice, shredded with a rasp, into the 


always make it inside. 
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arms scoop. Then, when the scoop was turned 
over above one of TEGAs ovens, the ice refused 
to fall out. Even when the team figured out how 
to sprinkle some out, it was faced with what 
would become the most nagging of the mis- 
sion’s problems: the doors to the ovens only 
opened partway. Much of what came out of 
the scoop didnt make it into the ovens. 

What made the glitch most maddening was 
that the mistake had been caught before launch. 
One of the differences between the TEGA on 
Phoenix and that on MPL was a thin retract- 
ing cover to keep the instruments from being 
contaminated by any stowaway microbes from 
Earth. Boynton and his team had noticed, on 
a test version of TEGA, that the brackets at the 
bottom of this cover were just a hair’s width 
too big, and as a result obstructed the doors. 
They sent revised designs for the cover to the 
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N 
The Thermal and Evolved Gas Analyzer looked fine in the lab (left), but on Mars, soil samples didn't 
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soil. There was enough ice in the 
soil for TEGA to confirm that it was water, but 
not enough to measure its isotopic make-up 
— a measurement that could have provided 
insights into the history of the planet’s water 
and atmosphere. In August and September, 
TEGA went on to cook up several more shal- 
low soil samples, and found strong signals for 
calcium carbonate, which is typically found 
precipitated out of water. More intriguing to 
Boynton was a low-temperature signal in all 
the samples — the same signal that Smith had 
hinted at in Ithaca. It probably came from a 
different type of carbonate, but it could have 
been the trace of an organic molecule. 


The breath of the night wind 

On sol 153 — a fw days before Halloween, and 
a few weeks after Smith gave his talk at Cornell 
— Boynton celebrates his 64th birthday and 
convenes the final TEGA planning session in 
his office on campus. The mission scientists 
have long since vacated the science operation 
centre; only Smith and some support staff 
remain there. Boynton has a bandage on his 
left hand where a mishap with a coffee machine 
has left him with a third-degree burn; TEGA 
hasn't been much kinder. The previous evening 
Boynton had heard from mission engineers that 
Phoenix had entered a Safe’ mode — the “do no 
harm?’ response programmed into spacecraft as 
a way to deal with unexpected circumstances — 
and that commands to Phoenix to shut down 
its heaters, an attempt to conserve power, had 
not gone through. But there is still a chance that 
the TEGA team will get the power, and time, 
for one last experiment. With his good hand, 
Boynton wipes crumbs of celebratory chocolate 
and pumpkin cake from the table and he and 
his engineers sit down to go over blocks of pro- 
gramming code to be radioed up to Phoenix. 
They have done this hundreds of times before 
in the lifetime of the mission. Sunlight streams 
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in through a large glass window, filled nearly 
to the edges of the frame by the crags of Mount 
Lemmon, which looms over Tucson. “This is 
the last block I'm ever going to have to write,” 
says one of the engineers. 

They pour over their packet of code — 
instructions to some valves to open and some 
to shut — looking for errors. The goal is to suck 
an atmospheric sample into TEGA and draw 
out all the carbon dioxide, leaving proportion- 
ally higher concentrations of trace gases. The 
mass spectrometer would then measure the 
isotopes of argon and other noble gases, which 
in turn would offer up information about the 
history of Mars’s atmosphere. 

They know their best-laid plans may not 
come to pass, just as they have not in the past. 
They are ready for the end, which will bring 
both relief and grief. “Its really has been a lot 
more emotional than I expected it to be. We 
wanted it to do a little bit more,” says Heather 
Enos, the TEGA instrument manager. “But 
isn’t that always human nature?”. 

In many ways, the trials and tribulations of 
TEGA are representative of those of the entire 
mission. At $428 million, Phoenix was a ‘low- 
cost’ mission that took on significant risk. 
According to Boynton, there is no way that one 
of NASAs traditional operation centres, such 
as JPL, could ever have operated it for less than 
half a billion dollars, or built an instrument like 
TEGA for $13.6 million. “JPL would just say 
you can't do it, you gotta do it 
for this much or not at all. We 
figured there was a shot we 
could do it. But we did cut cor- 
ners.” A similar, but much fan- 
cier, instrument on JPLs vastly 
overbudget $2-billion Mars 
Science Laboratory, the launch 
of which was last week put off 
for two years to 2011, has cost 
about $80 million. It is being 
assembled by 50 scientists and engineers. 

Gentry Lee, JPLs chief engineer for Solar 
System exploration, says that Phoenix will 
be remembered for getting “remarkable bang 
for the buck”. The lander performed science 
on almost every sol of its 157-sol life. It baked 
samples in five of eight of its ovens, and used 
three of its four wet chemistry beakers; it never 
tested the ice, but it tested icy soil. It took more 
than 25,000 pictures. Its atomic force micro- 
scope saw plate-like particles 100 times smaller 
than those spotted in the best resolution images 
from the rovers’ microscopic imagers. Its main 
camera saw snow falling from overhead douds, 
and frost gathering on the ground. 

Boynton says that they didn’t reach the 
optimum point on the science per dollar 
curve, and he wishes, especially, that they had 


Sol 157: Phoenix's final sunset, as imagined by an artist on Earth. 


more money for post-mission analysis, given 
that the scientists had so little time to work 
with data during the mission. He is still work- 
ing on Earth-based controls that might help 
to decipher that enigmatic low-temperature, 
probably carbonate signal from TEGA. But he 
doesn't regret the way things turned out one 
bit. They stayed within their cost caps. And 
they delivered. Maybe not to the doorstep, but 
at least to the front yard. “You 
cant expect the toast to always 
fall butter-side up.” 


Like a land of dreams 
The next night, when Phoenix 
finally takes leave of this world, 
Peter Smith sleeps through its 
slipping away. At seven the fol- 
lowing morning, he answers 
the door to his home in NASA- 
labelled athletic shorts, having just woken up 
to an e-mail with the subject ‘Not so good 
news. “You picked a heckuva day to come,” 
he says. The sun, still low, has yet to bake off 
the desert’s night-time chill. 

Despite efforts to turn off power-hungry 
heaters, the lander, with its batteries drained, has 
gone beyond its safe mode to ‘Lazarus mode, an 
autonomous state in which it tries to operate 
fixed programs but no longer takes new com- 
mands on board. Engineers will monitor weak 
signals for three more days but never regain 
control. The science mission has ended. 

But the time to grieve has not yet come, 
because the dog must be walked. Smith puts on 
his running shoes and grabs the leash. Happy, 
his exuberant one-year-old mutt — ‘some sled 
dog,” Smith mutters, still bleary — is already 
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bouncing. Happy charges past the barrel cac- 
tus in the front yard and Smith, tugged along, 
wrestles for the words that describe the end 
that he knew would come. “There’s some relief 
when it’s over. On the other hand, it seems over 
too soon.” 

Lee, who has seen generations and missions 
come and go, says that there is a place for Mars 
missions of all styles and sizes. Big, expensive 
flagships for the jobs that cannot fail; smaller, 
cheaper missions for the ones that can; and, 
occasionally, medium-sized ones that take 
dead parts and make them live again. Phoe- 
nix has shed light on the results of the Viking 
experiments, and it is already influencing the 
way that scientists practice with the scoop on 
the Mars Science Laboratory. Mars missions 
are mutually indebted in a way missions to 
more seldom visited places cannot be — it is 
part of the luxury of a destination less than a 
year’s rocket ride away. An exploration pro- 
gramme committed to staggered missions, 
built on what came before, provides some 
solace in the face of disappointment. But it’s 
hard to deny the pathos of a mission that goes 
from landing to ending in five months, with 
many hopes unrealized. 

Tucson is getting hotter by the minute. In a 
desert 374 million kilometres away, Phoenix is 
chilled to the bone, waiting for the solid CO, 
that will soon freeze from the sky to entomb it. 
Peter Smith, 61, will soon be out of his job as a 
principal investigator, and he will never run a 
spacecraft again. Happy noses in the dirt, sniff- 
ing for something that’s probably organic. 

Eric Hand writes on physical sciences from 
Nature's Washington DC office. 
See Editorial, page 675. 
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Correction 

The News Feature ‘Phoenix: a race against time’ 
(Nature 456, 690-695, 2008) suggested that 
Honeybee Robotics failed to follow revised designs 
that would have corrected a flaw in a part of the 
NASA Phoenix spacecraft. In fact, the revisions 
were not clearly marked for action. A subsequent 
investigation by mission managers at NASA's Jet 
Propulsion Laboratory found that Honeybee was 
not at fault. See Correspondence, page 26. 
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STRETCHING THE IMAGINATION 


Squash them, pinch them, twist them, pull them — 
cells react to physical forces, finds Claire Ainsworth. 


he lecturer flattened a tangle of sticks 
and elastic on to the desk. He let go, 
and the structure pinged back into 
shape. It was a demo nstration of 
‘tensegrity, a term constructed by the engi- 
neer Buckminster Fuller for situations in 
which push and pull have a ‘win-win relation- 
ship’ with each other. Fuller mashed the word 
together — from the components tensional 
integrity — to describe the way sculptor Ken- 
neth Snelson used taut wires and stiff poles to 
make strong yet flexible monuments. 
Among the students, Donald Ingber could 
see the ingenious engineering in the sculptures 
— but he also saw biology. Ingber was an under- 
graduate in molecular biophysics at Yale Uni- 
versity; the course in three-dimensional design 
had seemed apt. But what he saw there changed 
the course of his professional life. At that time, 
in the late 1970s, researchers were publishing 
the first scientific papers describing how cells 
are propped up by an internal scaffolding, or 
cytoskeleton. “I immediately thought: ‘Oh, so 
cells must be tensegrity structures,” Ingber says. 
On returning to the lab, he eagerly explained 
this idea to one of the postdocs, who was 
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less than impressed. “He told me: Just never 
mention that again,” Ingber recalls. 

Then, as now, most cell biologists had little 
time for architecture and engineering. When 
they want to understand why a cell behaves the 
way that it does, they try to identify the genes, 
proteins and signalling molecules that are 
thought to exert control. But to Ingber there 
was an obvious gap between the dramatic 
events that mould a developing embryo and 
the molecular explanations that were given 
for them in his developmental-biology class. 
“What I saw before my eyes was something that 
was incredibly physical, mechanical in nature: 
twisting, bending, folding,” he says, “and then I 
got into cell biology, and it was all chemical.” 

Thirty years on, work from Ingber’s group 
and many others has started to convince cell 
biologists to embrace the missing physics. 
Their findings are remarkable. Pull a stem 
cell in one way and it starts developing as a 
brain cell; stretch it in another, and a bone cell 
is its more likely fate. Change the mechanical 
stresses on cancer cells and they can start to 
behave more like healthy ones. Among this 
work's implications, few are more important 
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than the consequences for cell therapy and 
tissue engineering, in which researchers hope 
to use new cells to repair damaged organs. 
If these cells encounter the ‘wrong’ kinds of 
mechanical stresses, they could conceivably 
end up doing more harm than good. 

The discoveries are giving biologists a fresh 
appreciation of the body’s physical nature. 
Hearts pump, muscles stretch, blood surges, 
feet pound. And on the microscopic scale, 
fluids flow and cells jostle with their neigh- 
bours. When Ingber, now at Harvard Univer- 
sity, talks about his ideas today, he doesn't get 
quite the same frosty reception that he once 
did. “There’s no doubt,’ he says, “in the past 
five years it has exploded.” 


Popular mechanics 

Even in the 1970s, the ideas were not entirely 
new. The importance of mechanical forces was 
appreciated by embryologists in the 1800s and 
early 1900s, long before they had signalling 
proteins and chemical gradients to play with. 
Swiss biologist Wilhelm His, for example, 
experimented with metal, clay and rubber to 
try to mimic events in development, such as 
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how the future brain starts forming as a roll of 
tissue on the back of amammalian embryo. “To 
think that heredity will build organic beings 
without mechanical means is a piece of unsci- 
entific mysticism,” he wrote in 1888 (ref. 1). 

The molecular biology revolution of the 
1960s onwards pushed much of this aside, as 
researchers focused on genes and proteins. But 
the mechanical ideas never fell completely out 
of favour. Physiologists know that astronauts’ 
bones get thinner when they escape grav- 
ity, and that hefting weights inflicts physical 
damage on muscle cells that stimulates them 
to grow. But it was widely felt that the role of 
mechanical stress would be limited to these 
and other cell types that needed it in order to 
function normally. 

Then, in 1978, Judah Folkman and Anne 
Moscona at Harvard Medical School pub- 
lished one of the first studies to experimentally 
stretch mammalian cells — in this case, cells 
extracted from cow’s blood vessels and other 
tissues. They coated plastic culture dishes with 
various concentrations of a sticky polymer and 
grew the cells on top. The stickier the substrate, 
the flatter the cells stretched out, and the more 
the cells stretched out, the more they divided. It 
was considered a landmark paper — ane of the 
first to show that cell shape influences growth’. 
And it had a ‘profound effect” on Ingber when 
he read it that year. “It resonated with my sense 
that physicality was critical to developmental 
control,” he says. Ingber later contacted Folk- 
man and eventually went on to complete a 
postdoc in his lab. 

Researchers now know that almost all homan 
cells test the mechanical properties of their 
microenvironment in the body, and use it to 
adjust their growth. This is determined by the 
extracellular matrix, a lattice of proteins and 
other molecules to which cells in solid tissues 
anchor themselves like a horde of old canvas 
tents staked out at a tock festival. Instead of poles 


and ropes, cells have their internal cytoskeleton. 
This includes a mesh of fibres made up of 
actin protein that lines the cell’s membrane, 
plus tough ‘actomyosin bundles’ in which 
actin combines with the protein myosin II. 
The tent pegs in this case are proteins called 
integrins that span the cell membrane, grip- 
ping the actomyosin filaments inside the cell 
and the extracellular matrix 
on the outside. 

In 2006, Ingber’s team 
used a femtosecond laser to 
cut the actomyosin filaments 
and found that they imme- 
diately retract, revealing that 
they are under stress just like 
the tensed wires in Snelson’s 
sculptures’. The role of the 
poles seems to fall to another 
part of the cytoskeleton, the 
microtubules, which buckle 
under severe stress. 

Bioengineers, meanwhile, 
have attempted to measure 
the elasticity of various 
tissues in the body. The sim- 
plest way involves hanging 
a weight from a hunk of tissue and measur- 
ing how much it stretches. More sophisticated 
methods include atomic force microscopy, 
which uses a cantilevered tip to lightly prod 
cells and measure their springiness. 

Last year, bioengineer Paul Janmey and his 
colleagues at the University of Pennsylvania, 
Philadelphia, used atomic force microscopy to 
show that connective tissue cells called fibro- 
blasts can tune their internal stiffness to match 
that of the substrate on which they are grow- 
ing*. “That was actually quite a surprise,” says 
Janmey. He thinks that this type of surveillance 
could help cells respond to change in the tissue 
around them. Imagine a cell that is normally 
pegged down on all sides in the skin — but 


Cells may share the quality of ‘tensegrity’ with the constructions of sculptor Kenneth Snelson. 
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“What | saw before my 
eyes was something that 
was incredibly physical, 
mechanical in nature.” 
— Donald Ingber 


whose moorings are weakened when the skin 
is cut. The physical change could be felt just as 
fast, if not faster, than chemical signals released 
by the wound. “The cell already knows that 
mechanically, something has gone haywire and 
can respond to that,’ says Janmey. 

Ingber says that this idea is already being 
used in hospitals to promote healing, an idea 
he is working on in collabo- 
ration with Dennis Orgill, a 
plastic surgeon at Harvard’s 
Brigham and Women’s 
Hospital. Orgill seals a 
sponge-like device over 
hard-to-heal wounds such 
as those left by deep surgery, 
or diabetic foot ulcers. He 
then attaches this to an oscil- 
lating suction pump. The 
suction stretches the cells so 
that they divide, form new 
blood vessels and regener- 
ate skin tissue, thus healing 
the wound’ — the same type 
of behaviour that Folkman 
observed in his ailtured cells 
30 years ago. Ingber says the 
system works better (and is far cheaper) than 
artificial skin or synthetic growth factors. 


Eschewing growth factors 

Monitoring the physical environment could 
also serve a purpose during development, by 
helping cells to detect where they are, and to 
migrate, divide or differentiate appropriately. 
This has required a particular change in think- 
ing for many biologists. The field has long been 
dominated by the idea that developmental 
decision-making is directed by the chemical 
signals inherited from a cells parent, or received 
from its neighbours and the environment. That 
way of thinking leads researchers to encourage 
stem cells to form heart muscle cells, neurons 
or other cell types simply by adding cocktails 
of proteins known as growth factors. 

In 2006, cell and molecular biophysicist 
Dennis Discher at the University of Pennsyl- 
vania reported he had done away with growth 
factors and allowed force to trigger a change in 
cell fate®. His team studied mesenchymal stem 
cells, a kind of cell that normally grows in the 
soft, fatty bone marrow where it generates bone 
progenitors, but that is also thought to move to 
other locations and give rise to a range of cell 
types including nerve and muscle. They grew 
the cells on gels made from polyacrylamide and 
collagen that mimicked the softness of bone 
marrow. By changing the degree of chemical 
crosslinking in the polyacrylamide, the team 
was able to alter the stiffness of the gel to be 
more like that of different body tissues. 
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Day in the life: a stiff substrate converts stem 
cells into bone cells over 24 hours. 
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On a relatively soft base that resembled 
the sponginess of brain tissue, the stem cells 
began to form the precursors of neurons; on 
stiffer, muscle-like substrates the cells took 
steps towards forming muscle stem cells; and on 
still stiffer substrates resembling developing 

bone they started to become bone- 

forming cells. The team still had to 
add growth factors to get the cells to 
differentiate fully, but by the time the 
stem cells had become comfortable 
for three weeks on their soft, medium 
or hard mattresses, growth factors that 
would normally get stem cells to switch 
between one developmental pathway and 
another had little effect. 

Findings such as these have important 
implications for regenera- 

tive medicine, Discher says. 
A number of clinical trials 
are now under way in which 
researchers inject mesenchy- 
mal stem cells into the hearts of 
patients who have previously suf- 
fered a heart attack, in the hope 
that the cells will help repair the 
scarring caused by the attack. By using atomic 
force microscopy, Discher and his collaborators 
have found that in rats this kind of scar tissue is 
stiffer than normal heart muscle, resembling that 
of developing bone’. And last year, Bernd Fleis- 
chmann of the University of Bonn, Germany, 
and his colleagues found that mesenchymal 
stem cells formed bony spurs after they 
were injected into the scar tissue of dam- 
aged mouse hearts’. Although there are 
no published reports of human patients 
developing these problems, “You have to 
think about the microenvironment that 
you put cells in” Discher says. 

The new appreciation of cells mechani- 
cal environment is also a complication in 
the lab. A mmmber of studies have revealed 
how poorly cell-culture conditions mimic 

those that a cell would encounter in real 

tissue. Mammalian cells grown on a typi- 
cal, flat, glass or plastic tissue culture dish, 
for example, do not develop the directional 
‘polarity’ that they do in real tissue, but they 
do when grown in three-dimensional gels’. 

Many groups are now developing sophisti- 
cated cell-culture methods that have more life- 
like mechanics. Melody Swartz, a bioengineer 
at the Swiss Federal Institute of Technology 
in Lausanne (EPFL), and her team are study- 
ing the effects of ‘interstitial flow’: the gentle 
current to which almost all human cells are 
exposed as the fluid that bathes them seeps 
into the lymphatic system, the body’s drainage 
network. The team has found that fibroblasts 

align themselves perpendicular to this flow 
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during wound healing and inflammation. Swartz 
thinks that interstitial flow distributes chemical 
signals through tissue, and that cells may be so 
accustomed to its mechanical presence that they 
are lost without it. “They need the functional 
aspects — the mechanical environment — to act 
normally,’ she says. Her team has recently shown 
that the lymphatic cells themselves, which are 
notorious for losing many of their characteristic 
cell functions in ailture, regain their character if 
she subjects them to flow. 

“T dont think mechanobiology is a separate 
field from biology,’ says Swartz. “It’s something 
you can either choose to consider or not, but it is 
always present.” Not all labs are considering it — 
those that have switched to three-dimensional 
culture systems are still a minority, partly 

because cells grown that way 
are harder to study with stand- 
ard microscopy and other tech- 
niques. But if mechanical stress 
has yet to be fully appreciated 
by cell biologists, it is becoming 
hard to ignore among develop- 
mental ones. As Ingber observed, 
nowhere are physical forces 
more apparent than in the developing embryo 
where tissues twist, fold and writhe into the 
beginnings of adult tissues and organs. 


Let's twist again 

In 2003, biophysicist and developmental 
biologist Emmanuel Farge at the Curie Institute 
in Paris gently squashed entire fruitfly embryos 
under a tiny sheet of glass, and found that they 
switched on a gene called twist in nearly all 
their cells, instead of the particular subsets 
where it should be expressed””. 

Farge has since shown that the normal com- 
pression of tissue that occurs as the embryo 
changes shape is required to switch on this 
gene in the nascent gut’. First he removed the 
cells that normally exert pressure on the gut 
as it grows, and showed that twist expression 
dropped. Then he devised a way to artificially 
exert a tiny force inside these embryos by inject- 
ing magnetic nanoparticles and tugging on 
them with an electromagnet. The expression 
of twist was restored. 

Such studies challenge the idea that an 
embryos shape and patterning is driven only 
by a genetic program, suggesting instead that 
shape and patterning can also drive gene expres- 
sion. This mechanical control could provide 
cells with feedback on their changing position 
in the growing embryo. “The genome must be 
aware at key stages of the shape it is in charge of 
developing,” says Farge. It also means that genes 
acting in two physically separate tissues — sudh 
as those that control tissue compression, and 
those that control twist — can still interact. This 
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Mesenchymal stem cells grown on soft, medium or rigid matrices start developing into (left to right) neurons, muscle cells and bone cells. 


kind of action at a distance, Farge speculates, 
might be involved in an embryo-wide, “global” 
system that coordinates development. 

Given its importance in influencing cells in 
embryonic and adult tissues, it should come as 
no surprise that mechanical environments are 
now thought to contribute to disease. Even five 
years ago, says cell biologist Valerie Weaver, at 
the University of Pennsylvania, “there was a lot 
of scepticism” when she presented her work 
investigating links between tissue stiffness and 
cancer. “I know there was a little bit of snicker” 
But now a whole body of work has shown that 
manipulating the extracellular matrix in the 
cancer’s microenvironment can switch normally 
dividing cells into excessively dividing, cancer- 
ous ones and vice versa”. 

Weaver and her colleagues investigated how 
mechanical forces on the outside of the cell 
could be converted into cancer-promoting sig- 
nals on the inside — ne of the key questions in 
the field’*. Her team used a machine known as 
an electromechanical indentor, which presses 
on tissue in culture, to show that cancerous 
mammary tissue is stiffer than healthy tissue. 
Then they grew normal mammary cells in gels 
stiffened to different extents with collagen, so 
that they resembled either healthy tissue or 
tumours. Mammary cells grown in soft gels 
organized themselves into structures character- 
istic of normal breast tissue, whereas cells grown 
in stiff cancerous’ gels did not. They found that 
the stiff gels pulled more on the membrane- 
spanning integrins, and this boosted the activity 
of an integrin-controlled signalling pathway that 
regulates tension in the cytoskeleton. 


Crushing cancer 

Weaver suggests that many oncogenes — 
genes which, when mutated, predispose a cell 
to becoming cancerous — can also activate 
biochemical pathways that increase internal 
tension. And in unpublished work, Weaver 
and her colleagues have shown that these 
changes may be some of the earliest events 
in cancer. They found that the extracellu- 
lar matrix surrounding cells that harbour 
mutated oncogenes becomes stiffer even 


before those cells form invasive tumours, 
because the constitution of the extracellular 
matrix is changing. “That microenvironment 
is changing dramatically long before you get 
a tumour,” says Weaver. 

If her ideas are correct, then interfering with 

the mechanics of a cancer cell might over- 
ride aberrations in its genes. And that’s what 
Weaver found in her 2005 study: when she 
added chemicals that block integrin signal- 
ling to the cells grown in stiff gels, they grew 
into more normal-looking mammary-gland 
tissue. These signalling pathways might make 
a possible cancer drug target. 
And Ingber is pursuing the idea 
that cancer might be reversed 
by physically manipulating a 
tumour’s microenvironment by, 
for example, implanting artificial 
materials that mimic the struc- 
tural, mechanical and chemical 
properties of healthy tissue. 

Ingber is also becoming more and more con- 
vinced that cells behave like Snelson’s deform- 
able sculptures. When he used a laser to break 
a single actin fibre, the shape of the entire cell 
altered to accommodate the change’. So, just 
like other tensegrity structures, the cytoskeleton 
can transmit a force from one point through the 
entire assembly. These mechanical signals are 
transmitted faster than a chemical signal can 
diffuse across a cell'’, and Ingber thinks that 
such mechanical changes may physically deform 
other molecules attached to the cytoskeleton, 
including many associated with the cells metab- 
olism. This cascade of events could eventually 
cause a dramatic change in cell behaviour”. 

Ingber goes even further, suggesting that 
living creatures are a Russian doll of tensegri- 
ties. On the largest scale, muscles tense against 
bones. Inside the body, the forces in these and 
other tissues are picked up by integrins and 
relayed to the cytoskeleton. The cytoskeleton 
itself is made up of macromolecular struc- 
tures that are themselves tensegrities at the 
molecular level. Such a hierarchy of systems, 
he says, could explain how mechanical signals 
such as gravity or movement are transmitted 
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from the macro to the micro and nano scales. 
In the past two years, Ingber may have 
found the means to test his ideas. In 2007 he 
received seed money to establish a Harvard 
Institute for Biologically Inspired Engineer- 
ing. And in October 2008, philanthropist 
Hansjérg Wyss gave US$125 million towards 
it. Looking back, Ingber says, “I was lucky 
to have my first Aha moment as an under- 
graduate at a liberal arts college. In the United 
States, undergraduates can explore any field, 
and hence know no bounds between biology, 
chemistry, physics, architecture or art” 

It is a boundlessness he tries 
to convey to the students he 
teaches today. Those who visit 
his office find that it is filled with 
tensegrity models. He even has 
a small Snelson sculpture on the 
window sill, one that the artist 
gave him. And in he classroom, 
some Harvard undergraduates 

are already exploring how to develop expand- 
able lightweight structures based on tensegrity 
and cell architecture. But these are not designs 
for beautiful sculptures — they are water car- 
riers for the developing world. 

Claire Ainsworth is a freelance writer based in 
Southampton, UK. 
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Bovine TB: don't get 
rid of the cat because 
the mice have gone 


SIR — Paul Torgerson and 

David Torgerson argue in 
Correspondence that research 
and surveillance for tuberculosis 
(TB) in cattle can only be justified 
on animal-health grounds 
because bovine TB poses a 
negligible threat to human health 
(‘Does risk to humans justify high 
cost of fighting bovine TB?’ Nature 
455, 1029; 2008). But the 
relationship between surveillance 
of cattle and the risk of humans 
contracting the disease is not as 
simple as they imply. 

The current surveillance to 
remove infected cattle at an 
early stage in the disease process 
reduces the prevalence and, 
more important, curtails the 
course of the disease in individual 
cattle. This is particularly relevant 
in areas of higher incidence, 
where testing is an annual 
event. For example, three 
UK counties breached 10% 
herd incidence of confirmed 
cases in 2007. 

Without a test-and-cull 
policy and abattoir surveillance, 
bovine TB would advance to 
its more infectious stages and 
lead to an increased risk of 
transmission of this primarily 
airborne disease to humans. 
Removing animals at an early 
stage and controlling the 
prevalence of the disease in 
the national herd is therefore 
likely to reduce the probability 
of transmission to humans. 

We would argue that active 
surveillance for bovine TB 
followed by the removal of 
infected cattle is part of the 
reason why this disease is not 
seen more often in humans. 
When using a cat to control 
mice, you shouldn't get rid of 
the cat just because you don't 
see any more mice. 

We agree that protecting 
animal health and reducing 
losses in animal productivity 
are important justifications 
for surveillance and research of 
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bovine TB. But keeping the risk of 
human exposure as low as 
possible must also be factored 
into the equation. 
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Bovine TB: stopping 
disease control would 
block all live exports 


SIR — In their Correspondence, 
Paul Torgerson and David 
Torgerson question the 
importance of controlling bovine 
tuberculosis (TB) in the United 
Kingdom (‘Does risk to humans 
justify high cost of fighting bovine 
TB?’ Nature 455, 1029; 2008). 
However, they disregard the 
crucial role of disease control in 
protecting international trade — 
a key reason why the UK 
government is trying to 
eradicate bovine TB. 

To be exported from the United 
Kingdom, cattle aged 42 days 
or older must have tested negative 
for bovine TB within the previous 
30 days. In 1995, the value of live 
cattle exports was £77.6 million 
(US$115 million); after the 
imposition of the ban on exports 
because of BSE (bovine 
spongiform encephalopathy), this 
fell to zero (see http://tinyurl. 
com/6j802w). Although the ban 
on exports from the United 
Kingdom was lifted in 2006, live 
cattle exports are only just now 
starting to recover. 

To stop control of bovine TB 
would once again block all 
live exports. UK government 
expenditure on the foot-and- 
mouth disease outbreak in 
2001 was £2.79 billion, and the 
protection of international trade 
was a key driver of the control 
measures used at that time (see 
http://tinyurl.com/67p9¢g5). 


The protection of trade status 
is one aspect of an integrated 
policy for controlling bovine TB 
that safeguards public health and 
the agricultural economy as well 
as animal health and welfare. 
Indeed, as we face an increasing 
problem with bovine TB in the 
United Kingdom, the success of 
this control strategy in protecting 
public health is evidenced by the 
sporadic nature of Mycobacterium 
bovis infections in the human 
population (see A. L. Gibson et al. 
J. Clin Microbiol. 42, 431-434; 
2004; J. T. Evans et al. Lancet 
369, 1270-1276; 2007). Now 
is not the time to dismantle 
controls for bovine TB. 

Stephen V. Gordon UCD College of Life 
Sciences and UCD Conway Institute of 
Biomolecular and Biomedical Research, 
University College Dublin, Belfield, 
Dublin, Ireland 

e-mail: stephen.gordon@ucd.ie 


Right environment 
can enhance ‘innate’ 
entrepreneurial skills 


SIR — In their Commentary ‘The 
innovative brain’ (Nature 456, 
168-169), Barbara Sahakian 
and her colleagues raise the 
important question of whether 
entrepreneurial skills can be 
taught. In my experience, an 
entrepreneur's ‘cold’ skills Cin 
creating a compelling business 
plan, for example) are easier to 
teach than the more intuitive ‘hot’ 
decision-making abilities that 
stimulate success. 

Successful entrepreneurs 
have enormous energy, think 
independently and show inspiring 
leadership qualities that help to 
realize a shared vision. However, 
their flair for weighing up and 
pursuing the best opportunities 
is honed by past experience — 
for example, in spotting promising 
factors in new companies. An 
entrepreneur's natural ability is 
founded in the interaction of 
genes and environment. 

During the past 20 years | have 
participated in the development of 
the entrepreneurial environment 
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here in Cambridge. In 1997, 

only 17% of the entrepreneurs 

in our portfolio companies 

were ‘serial entrepreneurs’ — 
people who already had a 

record of achievement. Now this 
percentage has risen to 70%, 
which reflects the rapid increase 
in entrepreneurial talent in 
Britain. Today there are more 
than 1,000 high-tech companies 
in Cambridge alone, with at least 
one entrepreneur involved in 
each of them. 

Know-how is transmitted ‘in the 
air’ within these high-technology 
clusters. They are also valuable in 
tolerating risk and possible failure 
well: as bioscience entrepreneur 
Andy Richards has pointed out, 
Cambridge has become a low-risk 
area for doing high-risk things. 
This entrepreneurial environment 
promotes venturesome behaviour 
in the face of risky business 
opportunity. Failure carries 
no stigma when it is recognized 
as anecessary part of the 
entrepreneurial process — 
as it is here — given that some 
30% of all new companies will 
fail anyway. 

Entrepreneurial activities and 
innovative ideas are particularly 
needed in today's economic 
climate, both for the wealth of the 
United Kingdom and for the global 
economy. Understanding how 
the innate components of these 
abilities can be enhanced 
will help to educate the next 
generation of entrepreneurs 
for success. 

Hermann Hauser, Amadeus Capital, 
Mount Pleasant House, 2 Mount 
Pleasant, Cambridge CB3 ORN, UK 
e-mail: hhauser@amadeuscapital.com 


Readers are welcome to comment at 
http://tinyurl.com/Sopr6ég 


Contributions may be submitted 
to correspondence@nature.com. 
Correspondence should be signed 
by no more than three authors; 
preferably by one. Published 
contributions are edited. Science 
publishing issues are regularly 
featured at Nautilus (http://blogs. 
nature.com/nautilus), where we 
welcome comments and debate. 
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The food crisis isn’t over 


Although the credit crunch has lowered the price of food, a global recession now raises the hunger pains of 
the most vulnerable. The stage is set for the next international food crisis, says Joachim von Braun. 


ust a few months ago, the ‘crisis’ 
J on everyone's mind was the spike 

in food prices. Then the financial 
crisis gripped the world, food prices 
declined somewhat, and agricultural 
concerns lost their sense of immedi- 
acy. But we should not be complacent. 
The credit crunch is likely to have 
strong and long-lasting effects on emerging 
economies and on the people most in need 

Between 2005 and summer 2008, the inter- 
national prices of wheat and maize (corn) tripled, 
and that of rice grew fivefold. Poor people typi- 
cally spend 50-70% of their income on food, 
and their wages did not adjust quickly enough 
to compensate for their shrinking purchasing 
power. From 2003-05 to 2007, the number 
of undernourished people increased from 
some 848 million to 923 million, largely 
because of the food-price crisis’. 

The worldwide credit crunch has let 
some air out of the commodity price bub- 
ble, providing a little relief — cereal prices 
have fallen by about 30-40% in recent 
months. But recession also threatens to cut 
the income and employment of the most 
vulnerable and undermine investment in 
agricultural production. The economic 
bailout and suggested market regulations 
now being discussed will not protect food 
prices from future spikes. The world’s food 
worries are by no means over. 


US$ per tonne 


The path to malnourishment 

An International Food Policy Research 
Institute (IFPRI) model, developed by divi- 
sion director Mark Rosegrant, explores what 
might happen in the face of the recession. 
If global economic annual growth falls by 
2-3 percentage points below recent years’ fig- 
ure of about 5%, and agricultural investment 
declines in parallel by 20% — a realistic sce- 
nario — this would result in cereal prices 30% 
above what is expected without a recession 
by 2020 (ref. 2). Globally, 16 million more 
children would be malnourished. 

However, if spending on agricultural research 
and development (R&D) is mantained (assum- 
ing a modest 3% dedine in investment growth) 
in the face of this recession, cereal prices would 
be about 15% lower than the non-recession base- 
line in 2020, and malnutrition would be about 
the same as in the baseline scenario (see graph). 


RECESSION 
WATCH 


Agricultural R&D is me of the most 
effective types of investment for pre- 
venting food crises, promoting eco- 
nomic growth and reducing poverty’. 
Global underinvestment has impaired 
productivity in recent years. As growth 
of public agricultural R&D spending 
in low- and middle-income countries 
decreased from 3% in the 1980s to 1.9% in the 
1990s (ref. 4), global grain productivity growth 
declined from about 3% to 1% (ref. 5). 

Doubling all agricultural R&D in developing 
countries between 2008 and 2013, from US$5 
billion to $10 billion, could increase agricul- 
tural growth by 1.1 percentage points a year, 
and lift about 282 million people out of poverty 
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by 2020 (ref. 2). Although this would mark a 
historic turnaround in such investment, it pales 
in comparison to the financial bailout costs. 
Much investment will have to be facilitated 
by public sources, in view of the deepening 
shortage of private capital and the risky invest- 
ment climate. Institutions such as the World 
Bank and the Asian Development Bank have 
recently reversed their dedining investments in 
agriculture, with substantial increases seen in 
2007 and 2008. Such trends need to continue. 
Investment in R&D is necessary to keep 
long-term food prices at reasonable levels. But 
to avoid price bubbles, action needs to be taken 
to improve market efficiency and food trade in 
crisis situations. The IFPRI recommends an 
emergency reserve of 300,000 tonnes of grain, 
located at strategic points in the developing 
world, that would be overseen by the United 
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Nations World Food Programme. Current 
emergency grain reserves are controlled nation- 
ally and lack international coordination. 

In addition, a gobal intelligence unit should 
be created to advise when market intervention 
is needed. Should grain prices be driven into 
a price bubble again, an international body 
could act through the futures market — effec- 
tively promising to sell grain at low prices in 
the future. In most cases, this should cause 
prices to decline before sells are realized, so 
no actual money need change hands. In the 
unusual circumstance in which this futures 
activity would need to be paid for, the inter- 
national body would have to draw on a Virtual 
reserve’ — a promise of funds from partici- 

pating nations®. After discussion at the 
2008 G8 (Group of Eight) summit of the 
world’s leading industralized nations, such 
a scheme is now under consideration at 
high political levels. 

At the same time, subsidies for biofuels, 
which have diverted funds from food 
and feed production, should be removed. 
Although biofuels will surely play a part in 
future energy systems, the billions spent 
on subsidies would be better invested 
in R&D for innovative biomass use and 
other energy innovations. Also required is 
a scaling up of social programmes, indud- 
ing employment programmes, school 
feeding, and early childhood nutrition 
interventions. 

The successful resolution of the food 
crisis should not be measured by the drop of 
commodity prices to previous levels, but by 
sufficient food on poor people’s plates today 
and long into the future. a 
Joachim von Braun is the director general of the 
International Food Policy Research Institute in 
Washington DC. 
e-mail: j. vonbraun@cgiar.org 
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Towards responsible use of cognitive- 
enhancing drugs by the healthy 


Society must respond to the growing demand for cognitive enhancement. That response must start by 
rejecting the idea that ‘enhancement’ is a dirty word, argue Henry Greely and colleagues. 


the world, students are striking deals to 

buy and sell prescription drugs such as 
Adderall and Ritalin — not to get high, but to 
get higher grades, to provide an edge over their 
fellow students or to increase in some meas- 
urable way their capacity for learning. These 
transactions are crimes in the United States, 
punishable by prison. 

Many people see such penalties as appro- 
priate, and consider the use of such drugs to 
be cheating, unnatural or dangerous. Yet one 
survey’ estimated that almost 7% of students in 
US universities have used prescription stimu- 
lants in this way, and that on some campuses, 
up to 25% of students had used them in the 
past year. These students are early adopters of 
a trend that is likely to grow, and indications 
suggest that they’re not alone’. 

In this article, we propose actions that will 
help society accept the benefits of enhance- 
ment, given appropriate research and evolved 
regulation. Prescription drugs are regulated as 
such not for their enhancing properties but pri- 
marily for considerations of safety and potential 
abuse. Still, cognitive enhancement has much 
to offer individuals and society, and a proper 
societal response will involve making enhance- 
ments available while managing their risks. 


‘tee on university campuses around 


Paths to enhancement 

Many of the medications used to treat psychi- 
atric and neurological conditions also improve 
the performance of the healthy. The drugs most 
commonly used for cognitive enhancement at 
present are stimulants, namely Ritalin (methy- 
phenidate) and Adderall (mixed amphetamine 
salts), and are prescribed mainly for the treat- 
ment of attention deficit hyperactivity disorder 
(ADHD). Because of their effects on the cat- 
echolamine system, these drugs increase exec- 
utive functions in patients and most healthy 
normal people, improving their abilities to 
focus their attention, manipulate information 
in working memory and flexibly control their 
responses’. These drugs are widely used thera- 
peutically. With rates of ADHD in the range of 
4-7% among US college students using DSM 
criteria’, and stimulant medication the stand- 
ard therapy, there are plenty of these drugs on 
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Adderall is one of several drugs 
increasingly used to enhance 
cognitive function. 


campus to divert to enhancement use. 

A newer drug, modafinil (Provigil), has also 
shown enhancement potential. Modafinil is 
approved for the treatment of fatigue caused by 
narcolepsy, sleep apnoea and shift-work sleep 
disorder. It is aurrently prescribed off label for a 
wide range of neuropsychiatric and other medi- 
cal conditions involving fatigue” as well as for 
healthy people who need to stay alert and awake 
when sleep deprived, such as physicians on night 
call®. In addition, laboratory studies have shown 
that modafinil enhances aspects of executive 
function in rested healthy adults, particularly 
inhibitory control’. Unlike Adderall and Rita- 
lin, however, modafinil prescriptions are not 
common, and the drug is consequently rare on 
the college black market. But anecdotal evidence 
and a readers’ survey both suggest that adults 
sometimes obtain modafinil from their physi- 
cians or online for enhancement purposes”. 

A modest degree of memory enhancement 
is possible with the ADHD medications just 
mentioned as well as with medications devel- 
oped for the treatment of Alzheimer’s disease 
such as Aricept (donepezil), which raise levels 
of acetylcholine in the brain*®. Several other 
compounds with different pharmacological 
actions are in early clinical trials, having shown 
positive effects on memory in healthy research 
subjects (see, for example, ref. 9). It is too early 
to know whether any of these new drugs will 
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be proven safe and effective, but if one is it will 
surely be sought by healthy middle-aged and 
elderly people contending with normal age- 
related memory decline, as well as by people 
of all ages preparing for academic or licensure 
examinations. 


Favouring innovation 

Human ingenuity has given us means of enhanc- 
ing our brains through inventions such as writ- 
ten language, printing and the Internet. Most 
authors of this Commentary are teachers and 
strive to enhance the minds of their students, 
both by adding substantive information and by 
showing them new and better ways to process 
that information. And we are all aware of the 
abilities to enhance our brains with adequate 
exercise, nutrition and sleep. The drugs just 
reviewed, along with newer technologies such 
as brain stimulation and prosthetic brain chips, 
should be viewed in the same general category 
as education, good health habits, and informa- 
tion technology — ways that our uniquely inno- 
vative species tries to improve itself. 

Of course, no two enhancements are equiva- 
lent in every way, and some of the differences 
have moral relevance. For example, the ben- 
efits of education require some effort at self- 
improvement whereas the benefits of sleep do 
not. Enhancing by nutrition involves changing 
what we ingest and is therefore invasive in a way 
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that reading is not. The opportunity to benefit 
from Internet access is less equitably distributed 
than the opportunity to benefit from exercise. 
Cognitive-enhancing drugs require relatively 
little effort, are invasive and for the time being 
are not equitably distributed, but none of these 
provides reasonable grounds for prohibition. 
Drugs may seem distinctive among enhance- 
ments in that they bring about their effects by 
altering brain function, but in reality so does any 
intervention that enhances cognition. Recent 
research has identified beneficial neural changes 
engendered by exercise’, nutrition! and sleep”, 
as well as instruction’ and reading™. Tn short, 
cognitive-enhancing drugs seem morally equiv- 
alent to other, more familiar, enhancements. 
Many people have doubts about the moral 
status of enhancement drugs for reasons rang- 
ing from the pragmatic to the philosophical, 
including concerns about short-circuiting 
personal agency and undermining the value of 
human effort'®. Kass’®, for example, has written 
of the subtle but, in his view, important differ- 
ences between human enhancement through 
biotechnology and through more traditional 
means. Such arguments have been persuasively 
rejected (for example, ref. 17). Three arguments 
against the use of cognitive enhancement by 
the healthy quickly bubble to the surface in 
most discussions: that it is cheating, that it is 
unnatural and that it amounts to drug abuse. 
In the context of sports, pharmacological 
performance enhancement is 
indeed cheating. But, of course, 


“We should welcome 


presumption that mentally competent adults 
should be able to engage in cognitive enhance- 
ment using drugs. 


Substantive concerns and policy goals 
All technologies have risks as well as benefits. 
Although we reject the arguments against 
enhancement just reviewed, we recognize at 
least three substantive ethical concerns. 

The first concern is safety. Cognitive enhance- 
ments affect the most complex and important 
human organ, and the risk of unintended side 
effects is therefore both high and consequen- 
tial. Although regulations governing medicinal 
drugs ensure that they are safe and effective for 
their therapeutic indications, there is no equiv- 
alent vetting for unregulated ‘off label’ uses, 
including enhancement uses. Furthermore, 
acceptable safety in this context depends on 
the potential benefit. For example, a drug that 
restored good cognitive functioning to people 
with severe dementia but caused serious adverse 
medical events might be deemed safe enough to 
prescribe, but these risks would be unacceptable 
for healthy individuals seeking enhancement. 

Enhancement in children raises additional 
issues related to the long-term effects on the 
developing brain. Moreover, the possibility of 
raising cognitive abilities beyond their spe- 
cies-typical upper bound may engender new 
classes of side effects. Persistence of unwanted 
recollections, for example, has dearly negative 
effects on the psyche”®. 

An evidence-based approach 


it is che ating becauseitis aw methods of is required to evaluate the 
against the rules. Any good set, . ipa risks and benefits of cogni- 
of rules would need to distin. | 'Mproving our Drain tive enhancement. At a mini- 
guish today’s allowed cognitive function.” mum, an adequate policy 


enhancements, from private 
tutors to double espressos, from the newer 
methods, if they are to be banned. 

As for an appeal to the ‘natural, the lives of 
almost all living humans are deeply unnatural; 
our homes, our clothes and our food — to say 
nothing of the medical care we enjoy — bear 
little relation to our species’ ‘natural’ state. 
Given the many cognitive-enhancing tools we 
accept already, from writing to laptop comput- 
ers, why draw the line here and say, thus far but 
no further? 

As for enhancers’ status as drugs, drug abuse 
is a major social ill, and both medicinal and 
recreational drugs are regulated because of 
possible harms to the individual and society. 
But drugs are regulated on a scale that subjec- 
tively judges the potential for harm from the 
very dangerous (heroin) to the relatively harm- 
less (caffeine). Given such regulation, the mere 
fact that cognitive enhancers are drugs is no 
reason to outlaw them. 

Based on our considerations, we call for a 


should include mechanisms 
for the assessment of both risks and benefits for 
enhancement uses of drugs and devices, with 
special attention to long-term effects on devel- 
opment and to the possibility of new types of 
side effects unique to enhancement. But such 
considerations should not lead to an insist- 
ence on higher thresholds than those applied to 
medications. 

We call for an evidence-based approach to 
the evaluation of the risks and benefits of cog- 
nitive enhancement. 

The second concern is freedom, specifically 
freedom from coercion to enhance. Forcible 
medication is generally reserved for rare cases in 
which individuals are deemed threats to them- 
selves or others. In contrast, cognitive enhance- 
ment in the form of education is required for 
almost all children at some substantial cost to 
their liberty, and employers are generally free to 
require employees to have certain educational 
credentials or to obtain them. Should schools 
and employers be allowed to require pharma- 
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ceutical enhancement as well? And if we answer 
‘no to this question, could coercion occur indi- 
rectly, by the need to compete with enhanced 
classmates and colleagues? 

Questions of coercion and autonomy are 
particularly acute for military personnel and 
for children. Soldiers in the United States 
and elsewhere have long been offered stimu- 
lant medications including amphetamine 
and modafinil to enhance alertness, and in 
the United States are legally required to take 
medications if ordered to for the sake of their 
military performance”. For similar reasons, 
namely the safety of the individual in question 
and others who depend on that individual in 
dangerous situations, one could imagine other 
occupations for which enhancement might be 
justifiably required. A hypothetical example is 
an extremely safe drug that enabled surgeons 
to save more patients. Would it be wrong to 
require this drug for risky operations? 

Appropriate policy should prohibit coercion 
except in specific circumstances for specific 
occupations, justified by substantial gains in 
safety. It should also discourage indirect coer- 
cion. Employers, schools or governments 
should not generally require the use of cog- 
nitive enhancements. If particular enhance- 
ments are shown to be sufficiently safe and 
effective, this position might be revisited for 
those interventions. 

Children once again represent a special case 
as they cannot make their own decisions. Com- 
parisons between estimates of ADHD preva- 
lence and prescription numbers have led some 
to suspect that children in certain school dis- 
tricts are taking enhancing drugs at the behest 
of achievement-oriented parents, or teachers 
seeking more orderly classrooms”. Govern- 
ments may be willing to let competent adults 
take certain risks for the sake of enhancement 
while restricting the ability to take such risky 
decisions on behalf of children. 

The third concern is fairness. Consider an 
examination that only a certain percentage 
can pass. It would seem unfair to allow some, 
but not all, students to use cognitive enhance- 
ments, akin to allowing some students taking a 
maths test to use a calailator while others must 
go without. (Mitigating such unfairness may 
raise issues of indirect coercion, as discussed 
above.) Of course, in some ways, this kind of 
unfairness already exists. Differences in edu- 
cation, including private tutoring, preparatory 
courses and other enriching experiences give 
some students an advantage over others. 

Whether the cognitive enhancement is 
substantially unfair may depend on its avail- 
ability, and on the nature of its effects. Does it 
actually improve learning or does it just tem- 
porarily boost exam performance? In the latter 
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case it would prevent a valid measure of the 
competency of the examinee and would 
therefore be unfair. But if it were to enhance 
long-term learning, we may be more willing 
to accept enhancement. After all, unlike ath- 
letic competitions, in many cases cognitive 
enhancements are not zero-sum games. Cog- 
nitive enhancement, unlike enhancement for 
sports competitions, could lead to substantive 
improvements in the world. 

Fairness in cognitive enhancements has a 
dimension beyond the individual. If cognitive 
enhancements are costly, they may become the 
province of the rich, adding to the educational 
advantages they already enjoy. One could miti- 
gate this inequity by giving every exam-taker 
free access to cognitive enhancements, as some 
schools provide computers during exam week 
to all students. This would help level the play- 
ing field. 

Policy governing the use of cognitive 
enhancement in competitive situations should 
avoid exacerbating socioeconomic inequali- 
ties, and should take into account the validity 
of enhanced test performance. In developing 
policy for this purpose, problems of enforce- 
ment must also be considered. In spite of strin- 
gent regulation, athletes continue to use, and be 
caught using, banned performance-enhancing 
drugs. 

We call for enforceable policies concern- 
ing the use of cognitive-enhancing drugs to 
support fairness, protect individuals from 
coercion and minimize enhancement-related 
socioeconomic disparities. 


Maximum benefit, minimum harm 
The new methods of cognitive enhance- 
ment are ‘disruptive technologies’ 

that could have a profound 

effect on human life in the 
twenty-first century. A 
laissez-faire approach 

to these methods will © 
leave us at the mercy © 
of p owerful market 
forces that are bound 
to be unleashed by the 
promise of increased 
productivity and competi- 
tive advantage. The concerns 
about safety, freedom and fair- 
ness, just reviewed, may well 
seem less important than the 
attractions of enhancement, 
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The prescription drug Ritalin is 
illegally traded among students. 


policy that is neither laissez-faire nor prima- 
rily legislative. We propose to use a variety of 
scientific, professional, educational and social 
resources, in addition to legislation, to shape 
a rational, evidence-based policy informed 
by a wide array of relevant experts and stake- 
holders. Specifically, we propose four types of 
policy mechanism. 

The first mechanism is an accelerated 
programme of research to build a knowledge 
base concerning the usage, benefits and asso- 
ciated risks of cognitive enhancements. Good 
policy is based on good information, and there 
is currently much we do not know about the 
short- and long-term benefits and risks of the 
cognitive-enhancement drugs currently being 
used, and about who is using them and why. For 
example, what are the patterns of use outside of 
the United States and outside of college commu- 
nities? What are the risks of dependence when 
used for cognitive enhancement? What special 
risks arise with the enhancement of children’s 
cognition? How big are the effects of currently 
available enhancers? Do they change ‘cogni- 
tive style, as well as increasing how quickly 
and accurately we think? And given that most 
research so far has focused on simple laboratory 
tasks, how do they affect cognition in the real 
world? Do they increase the total knowledge 
and understanding that students take with 
them from a course? How do they affect various 
aspects of occupational performance? 

We call for a programme of research into the 
use and impacts of cognitive-enhancing drugs 
by healthy individuals. 

The second mechanism is the participa- 
tion of relevant professional organizations 

in formulating guidelines for their 
members in relation to cognitive 
enhancement. Many dif- 

ferent professions have a 

role in dispensing, using 


~~ ~~ or working with peo- 
ple who use cognitive 
4 =~ enhancers. By creating 


policy at the level of 
professional societies, 
it will be informed by 


Pe <noe shY the expertise of these 


professionals, and their 
commitment to the goals of 
their profession. 
One group to which this 
recommendation applies is 
physicians, particularly in 


for sellers and users alike. 

Motivated by some of the same considera- 
tions, Fukuyama” has proposed the formation 
of new laws and regulatory structures to protect 
against the harms of unrestrained biotechno- 
logical enhancement. In contrast, we suggest a 


704 


primary care, paediatrics and 
psychiatry, who are most likely to be asked for 
cognitive enhancers. These physicians are some- 
times asked to prescribe for enhancement by 
patients who exaggerate or fabricate symptoms 
of ADHD, but they also receive frank requests, 
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as when a patient says “I know I don't meet diag- 
nostic criteria for ADHD, but I sometimes have 
trouble concentrating and staying organized, 
and it would help me to have some Ritalin on 
hand for days when I really need to be on top of 
things at work.” Physicians who view medicine 
as devoted to healing will view such prescribing 
as inappropriate, whereas those who view medi- 
cine more broadly as helping patients live better 
or achieve their goals would be open to consid- 
ering such a request™. There is certainly a prec- 
edent for this broader view in certain branches 
of medicine, including plastic surgery, derma- 
tology, sports medicine and fertility medicine. 
Because physicians are the gatekeepers to 
medications discussed here, society looks to 
them for guidance on the use of these medica- 
tions and devices, and guidelines from other 
professional groups will need to take into 
account the gatekeepers’ policies. For this rea- 
son, the responsibilities that physicians bear for 
the consequences of their decisions are particu- 
larly sensitive, being effectively decisions for all 
of us. It would therefore be helpful if physicians 
as a profession gave serious consideration to 
the ethics of appropriate prescribing of cogni- 
tive enhancers, and consulted widely as to how 
to strike the balance of limits for patient benefit 
and protection in a liberal democracy. Exam- 
ples of such limits in other areas of enhancement 
medicine indude the psychological screening of 
candidates for cosmetic surgery or tubal ligation, 
and upper bounds on maternal age or number 
of embryos transferred in fertility treatments. 
These examples of limits may not be specified by 
law, but rather by professional standards. 
Other professional groups to which this 
recommendation applies include educators | 
and human-resource professionals. In differ- 
ent ways, each of these professions has respon- 
sibility for fostering and evaluating cognitive 
performance and for advising individuals who 
are seeking to improve their performance, and 
some responsibility also for protecting the 
interests of those in their charge. In contrast 
to physicians, these professionals have direct 
conflicts of interest that must be addressed in 
whatever guidelines they recommend: liberal 
use of cognitive enhancers would be expected 
to encourage classroom order and raise stand- 
ardized measures of student achievement, both 
of which are in the interests of schools; it would 
also be expected to promote workplace produc- 
tivity, which is in the interests of employers. 
Educators, academic admissions officers and 
credentials evaluators are normally responsible 
for ensuring the validity and integrity of their 
examinations, and should be tasked with for- 
mulating policies concerning enhancement by 
test-takers. Laws pertaining to testing accom- 
modations for people with disabilities provide 
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a starting point for discussion of some of the 
key issues, such as how and when enhance- 
ments undermine the validity of a test result 
and the conditions under which enhancement 
should be disclosed by a test-taker. 

The labour and professional organizations 
of individuals who are candidates for on-the- 
job cognitive enhancement make up our final 
category of organization that should formu- 
late enhancement policy. From assembly line 
workers to surgeons, many different kinds of 
employee may benefit from enhancement and 
want access to it, yet they may also need protec- 
tion from the pressure to enhance. 

We call for physicians, educators, regulators 
and others to collaborate in developing poli- 
cies that address the use of cognitive-enhanc- 
ing drugs by healthy individuals. 

The third mechanism is education to 
increase public understanding of cognitive 
enhancement. This would be pro- 
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would be naive to expect rapid or revolutionary 
change in the laws governing the use of control- 
led substances. Nevertheless, these laws should 
be adjusted to avoid making felons out of those 
who seek to use safe cognitive enhancements. 
And regulatory agencies should allow phar- 
maceutical companies to market cognitive- 
enhancing drugs to healthy adults provided 
they have supplied the necessary regulatory 
data for safety and efficacy. 

We call for careful and limited legislative 
action to channel cognitive-enhancement 
technologies into useful paths. 


Conclusion 

Like all new technologies, cognitive enhance- 

ment can be used well or poorly. We should 

welcome new methods of improving our brain 

function. In a world in which human work- 

spans and lifespans are increasing, cognitive 
enhancement tools — induding 


vided by physicians, teachers, col- | “Many kinds of the pharmacological — will be 
lege health centres and employers, mpl m increasingly useful for improved 
similar to the way that information Se Oye ey quality of life and extended work 
about nutrition, recreational drugs benefit from productivity, as well as to stave 
and other public-health informa- enhancement.” off normal and pathological age- 


tion is now disseminated. Ideally it 

would also involve discussions of different ways 
of enhancing cognition, including through 
adequate sleep, exercise and education, and an 
examination of the social values and pressures 
that make cognitive enhancement so attractive 
and even, seemingly, necessary. 

We call for information to be broadly 
disseminated concerning the risks, benefits 
and alternatives to pharmaceutical cognitive 
enhancement. 

The fourth mechanism is legislative. Funda- 
mentally new laws or regulatory agencies are 
not needed. Instead, existing law should be 
brought into line with emerging social norms 
and information about safety. Drug law is one 
of the most controversial areas of law, and it 


related cognitive declines”. Safe 
and effective cognitive enhancers will benefit 
both the individual and society. 

But it would also be foolish to ignore prob- 
lems that such use of drugs could create or 
exacerbate. With this, as with other technolo- 
gies, we need to think and work hard to maxi- 
mize its benefits and minimize its harms. 
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improving a standardized technical core that 
already exists. 

Scientific under standing related to a 
standardized core is much easier to apply than 
science aimed at elucidating the theoretical 
foundations, causes or dynamics of a problem. 
When knowledge is not largely embodied in an 
effective technology, but must instead be applied 
to practice through, say, training, institutional 
incentives, organizational structures or public 
policies, the difficulty of improving outcomes is 
greatly amplified. Now the task involves mould- 
ing, coordinating and governing the activities 
of practitioners, who themselves must acquire 
judgement and skill that may not be easily trans- 
latable from one context to another. Interpreting 
the results of management or policy innova- 
tions is difficult because of the many variables 
involved, few of which are directly related to the 
actual technology deployment. When the results 
of applying knowledge to practice are uncertain, 
the value of the new knowledge itself becomes 
subject to controversy. 


The limits of technology 

In the absence of an existing standardized core, 
therefore, R&D programmes aimed at solv- 
ing particular social problems should neither 
be expected to succeed, nor be advertised as 
having much promise of succeeding, at least 
in the short and medium term. They should 
be understood and described as aiming at the 
creation of fundamental knowledge and the 
exploration of new approaches, with success 
possible only over the long term, and with a 
significant chance of failure. 

We are not, of course, arguing against 
working hard to address social problems that are 
not amenable to technological fixes, but we are 
saying that R&D is unlilely to be the main source 
of short- or medium-term progress. So long as 
the teaching of reading, for example, cannot be 
condensed into an easily deployed technology 
or tightly specified routine, improvement will 
mostly come through context-dependent trial 
and error at the level of public policy and organi- 
zational management. This is mare a process of 
effective politics than effective innovation, and 
typically progress will be slow, hard-fought and 
uneven. On the other hand, when a standardized 
technological core relevant to a particular prob- 
lem is available, appropriate R&D investments 
have the potential to stimulate rapid progress. 

How might these insights help guide 
innovation policies today? To illustrate the 
implications of our rules for decision-makers, 
we turn briefly to cdimate change. 

The global energy system that lies at the 
heart of the climate-change problem is prob- 
ably more complex and resistant to successful 
reform than the health-care and education 
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systems discussed above. Despite enormous 
scientific, political and diplomatic efforts over 
the past two decades, no progress on reduc- 
ing global greenhouse-gas emissions has been 
made*®, In the absence of technological fixes, 
progress towards significant reductions of 
greenhouse-gas emissions will remain frustrat- 
ingly slow, uneven and inconclusive. 

What are the prospects for a technological 
fix? In principle, stabilizing atmospheric carbon 
dioxide concentrations at levels deemed accept- 
able by dimate experts can be achieved through 
radically reduced emissions or through direct 
removal of CO, from the atmosphere. Most 
discussion and effort focuses 
on the former. The suite of 
promising possibilities for 
reducing emissions — from 
nuclear fission, to photovolta- 
ics, to on-site carbon capture 
and storage — offers attractive 
targets for R&D investments’ consistent with 
Rule III: existing technological capacities can 
leverage continued improvement. Neverthe- 
less, successful transition to a low-emissions 
energy system requires effective management 
across all sectors of society and all uses of 
CO,-emitting technologies. Within this system, 
no particular technology fully encompasses 
the go of the process — eliminating CO, in the 
atmosphere — just as no particular teaching 
technology encompasses the go of teaching 
children to read. Rule I is vidated. 

Moreover, because emissions-reducing 
technologies will compete with existing energy 
technologies supported by entrenched inter- 
ests, and because there will be competition 
between the emerging technologies, we can 
expect ongoing technical and political debates 
about efficacy of specific technologies, as seen 
for biofuels today — a violation of Rule II. 
System-wide progress is therefore likely to be 
buffered by political processes similar to the 
ones that frustrate progress now. 

In contrast, direct removal of CO, from the 
atmosphere — air capture* — satisfies the rules 
for technological fixes. Most importantly, air 
capture embodies the essential cause-effect 
relations — the basic go — of the climate- 
change problem, by acting directly to reduce 
CO, concentrations, independent of the com- 
plexities of the global energy system (Rule I). 
There is a criterion of effectiveness that can 
be directly and unambiguously assessed: 
the amount of CO, removed (Rule II). And 
although air-capture technologies have been 
remarkably neglected in both R&D and policy 
discussions, they nevertheless seem technically 
feasible (Rule III)". 

Our rules do not allow us to predict if air- 
capture technologies will in fact help stabilize 


© 2008 Macmillan Publishers Limited. All rights reserved 


“Technological fixes 
do not offer a path to 
moral absolution, but to 
technical resolution.” 


greenhouse-gas concentrations. Certainly these 
technologies face technical, political and eco- 
nomic obstacles. Our rules do, however, allow us 
to strongly predict that stabilization is unlikely 
to be achieved, except in the very long term, 
without something like air capture. Such tech- 
nologies should therefore receive much greater 
attention in energy innovation portfolios. 

The climate-change example illustrates an 
important final point: technological fixes do 
not offer a path to moral absolution, but to 
technical resolution. Indeed, one of the key 
elements of a successful technological fix is 
that it helps to solve the problem while allow- 
ing people to maintain 
the diversity of values and 
interests that impede other 
paths to effective action. 
Recognizing when such 
opportunities for rapid 
progress are available 
should be a central part of innovation policy, 
and should guide investment choices. a 
Daniel Sarewitz is co-director of the Consortium 
for Science, Policy & Outcomes, and Professor of 
Science and Society, at Arizona State University, 
Tempe, Arizona 85287, USA. 
e-mail: daniel.sarewitz@asu.edu 
Richard Nelson is George Blumenthal Professor 
of International and Public Affairs Emeritus at 
Columbia University, New York 10027, USA, and 
visiting professor at the University of Manchester 
Business School. 
e-mail: rrn2@columbia.edu 


1. http://nces.ed.gov/nationsreportcard/Itt/results2004 

2. Donovan, M.S., Wigdor, A. K. & Snow, C. E. (eds) Strategic 

Education Research Partnership (National Academies Press, 

2003). 

Foray, D. & Hargreaves, D. Lond. Rev. Edu. 1, 7-19 (2003). 

4. Murnane, R. & Nelson, R. Economics of Innovation and New 

Technology 16, 307-327 (2007). 

Prins, G. & Rayner, S. Nature 449, 973-975 (2007). 

6. Sarewitz, D. & Pielke Jr, R. in Controversies in Science and 
Technology, vol. 2: From Chromosomes to the Cosmos (eds 
Kleinman, D. L. & Handelsman, J.) 329-351 (Mary Ann 
Liebert, 2008). 

7. Hoffert, M. |. et al. Science 298, 981-986 (2002). 

8. Keith, D. W., Ha-Duong, M. & Stolaroff, J. K. Climatic 
Change 74, 17-45 (2006). 

9. Baciocchi, R., Storti, G. & Mazzotti, M. Chem. Eng. Process. 
45, 1047-1058 (2006). 

10. Lackner, K. S. Science 300, 1677-1678 (2003). 

11. Stolaroff, J. Capturing CO, from Ambient Air: A Feasibility 
Assessment (PhD Dissertation, Carnegie Mellon 
University, 2006). 


ww 


wn 


To comment on this article and others in our 
innovation series, visit http://tinyurl.com/5uolx2. 


Correction 

The Commentary ‘Towards responsible use of 
cognitive-enhancing drugs by the healthy’ (Nature 
456, 702-705; 2008) described views derived 
from the report Beyond Therapy as solely those 

of Leon Kass. In fact, the work in question was by 
the President's Council on Bioethics, which at that 
time Kass chaired. 
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Entangled quantum 


histories 


Two chronicles of quantum mechanics tell a good tale but don't 
reflect the conflicts between the physicists who struggled to 
reconcile theory and fact, explains Don Howard. 


The nearly simultaneous publication of two 
popular histories of quantum mechanics, 
each highly readable and basically reliable, 
speaks well about the growing public interest 
in modern physics and about the commitment 
of major publishers to respond. 

Louisa Gilder and Manjit Kumar take dif- 
ferent approaches and emphasize different 
stages in the fascinating history of quantum 
physics. Kumar writes a conventional narra- 
tive history, focusing on the long-running 
debate between Niels Bohr and Albert Ein- 
stein, which took place from the mid-1920s 
through to the mid-1950s, over the adequacy 
of the quantum theory as a ffamework for fun- 
damental physics. Gilder writes a delightfully 
unconventional history in the form of con- 
versations — real or reconstructed — among 
the physicists themselves. She emphasizes 
the recent history of Bell’s theorem, which 
concerns correlations between the quantum 
properties of separated elementary particles, 
its experimental tests and the subsequent 
exploitation of quantum entanglement in 
quantum computing, quantum information 
theory and quantum teleportation. 

Gilder’s is, on bal- 
ance, the better book, 
partly because of the 
conversational format, 
which brings the sci- 
entist actors to life as 
complex personalities 
with interesting lives. 
Especially enjoyable 
are the portraits of the 
less famous physicists 
who, starting in the 1960s, put entanglement 
to the test and taught us how to engineer with 
it, starting with John Bell and induding Abner 
Shimony, John Clauser, Alain Aspect and 
Anton Zeilinger. 

Gilder has done her homework. Kumar 
relies uncritically on an old generation of 
specialist histories — such as Max Jammer’s 
classic The Conceptual Development of Quan- 
tum Mechanics (McGraw-Hill; 1966), or the 
multivolume history of quantum physics 
(Springer; 1982-1987) by Jagdish Mehra and 
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Helmut Rechenberg — but he does not 
recognize where those histories have 
been questioned or eclipsed by more 
recent work. Gilder, by contrast, has 
read the newer specialist literature. She 
has also done her own research, such 
as tracking down an old physics col- 
league of Boris Podolsky, and eliciting 
from him the striking memory that 
Podolsky said he and Nathan Rosen 
never asked Einstein for permission 
before putting his name on the classic 
1935 Einstein, Podolsky and Rosen 
paper, ‘Can Quantum Mechanical 
Description of Physical Reality Be 
Considered Complete?’ 

One must, however, be cautious 
about reconstructing conversations. 
Even the participants’ own memories are 
not always to be trusted, the conversations 
recalled in Werner Heisenberg’s Physics and 
Beyond (Harper and Row; 1971) being a notori- 
ous case in point. And when an author gathers 
quotations from letters, memoirs or published 
papers covering a modest span of years and 
reassembles them as one exchange, there is as 
much fiction as fact in 
the product. Gilder’s 
imagined contents 
of the lively chat 
between Bohr and 
Einstein that, time 
and again, kept them 
missing their tram 
stop during Einstein’s 
Copenhagen visit in 
1923 is wonderful as 
stagecraft. Yet I ask myself how soon I'll see 
a student presenting it in a term paper as if it 
were a verbatim transcript. 

Two larger reservations must be recorded 
about both books. The first concerns their 
treatment of Bohr and what is commonly 
termed the Copenhagen interpretation of 
quantum mechanics. Both Kumar and Gilder 
take as fact much of the folklore and mythol- 
ogy surrounding the Copenhagen interpreta- 
tion. Legend has it that, from 1927 onwards, 
the entire Copenhagen community spoke with 
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Critical of quantum theory, Einstein (right) forced 
Bohr (left) and others to refine their thinking. 


one voice about questions of interpretation. 
In fact, from the beginning, Bohr and Heisen- 
berg disagreed about many fundamental 
points. Bohr never endorsed such famous bits 
of alleged Copenhagen orthodoxy as wave- 
packet collapse, a privileged role for the subjec- 
tive observer, or a distincion between quantum 
and classical levels of description based solely 
on a system's scale. Heisenberg, who invented 
the term Copenhagen interpretation much 
later in 1955, asserted all of these cdaims. Bohr 
did not. Differences between Heisenberg and 
Bohr go almost unnoticed by both Kumar and 
Gilder, with unfortunate consequences for such 
crucial issues as understanding what really was 
at stake in the Bohr-Einstein debate and the 
consequences for Bohr of experimental tests 
of Bell’s theorem. These tests provide strong 
evidence for quantum entanglement — the 
entwined states of interacting quantum sys- 
tems — that was the basis of Bohr’s own inter- 
pretation of quantum mechanics. 

The second reservation concerns the 
consequences of experimental tests of Bell’s 
theorem for another major interpretive 
project — David Bohm’s construction in 
1952 of a non-local hidden variables theory. 
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The theory posited unknown and 
perhaps inaccessible degrees of free- 
dom of quantum systems, the values 
of which fix the behaviour of such 
systems. But quantum indetermin- 
ism is overcome at the price of allow- 
ing ‘non-local’ or ‘faster-than-light 
communication among those hidden 
variables, which might conflict with 
Einstein’s theory of relativity. Gilder 
devotes long discussions to the career 
and ideas of Bohm. All the more puz- 
zling, then, that when she tells us 
again and again about experiments 
confirming violations of the Bell 
inequality, she leaves the reader with 
the impression that this is a hands- 
down victory for quantum mechanics 
over hidden variable theories, when it 
is only local hidden variable theories 
that are put in jeopardy. One might 
reject Bohmian mechanics for other 
reasons, but these tests alone do not 
afford them. Kumar’s hasty resumé of 
the same results leaves one still more 
confused. He suggests that Einstein’s 
reservations about the completeness 
of quantum mechanics are somehow 
vindicated by experiments confirming 
the predictions of standard quantum 
mechanics. 
Both authors would have been helped by 
a closer look at the well-known re-analysis 
of Bell’s argument, introduced in 1984 by 
Jon Jarrett and refined by Shimony. Jarrett 
showed that the original Bell locality condi- 
tion is a conjunction of two logically inde- 
pendent conditions that Shimony called 
outcome independence and parameter inde- 
pendence. The former is akin to a denial of 
quantum entanglement, the latter to relativ- 
istic locality constraints. Experimental viola- 
tions of the Bell inequality can now be traced 
to violations of one or the other of these two 
conditions. That there are two independ- 
ent routes to violations of the Bell inequal- 
ity makes it clear how orthodox quantum 
mechanics, which presumes entanglement, 
and a Bohm-type hidden variables theory, 
which assumes relativistic non-locality at 
the microlevel, can both claim to have been 
vindicated by the Bell experiments. But these 
gentle criticisms should not deter the inter- 
ested reader from enjoying two welcome 
additions to the popular history of twenti- 
eth-century physics. a 
Don Howard is professor of philosophy at the 
University of Notre Dame, Notre Dame, Indiana 
46556, USA. His book on Einstein for Blackwell's 
Great Minds series will be published in 2009. 
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Back to the roots of crop farming 


Where Our Food Comes From: Retracing 
Nikolay Vavilov's Quest to End Famine 

by Gary Paul Nabhan 
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In 1941, when German and Finnish troops 
threatened to besiege the Russian city of Lenin- 
grad (now St Petersburg), Soviet leaders hurried 
to authorize the evacuation of the art collection 
from the city’s Hermitage museum. Another 
extraordinary treasure, then the world’s largest 
collection of more than 380,000 food crop sam- 
ples housed at Leningrad’s All-Union Institute 
of Agricultural Sciences, did not receive such 
privileged treatment; it survived the 1941-44 
Leningrad blockade only through the virtue of 
committed individuals. Clearly, society places 
different values on the heritage content of the 
art museum and the seed bank. 

In Where Our Food Comes From, Gary Paul 
Nabhan, a conservationist and research social 
scientist at the University of Arizona, spotlights 
crop diversity as a neglected but vital cul- 
tural resource. He does so by chronicling the 
journeys of Nikolay Vavilov, Russia’s famous 
geneticist and botanist, and creator of the Len- 
ingrad seed bank. Vavilov was the first to iden- 
tify the world’s centres of crop diversity — a 
concept that, decades later, was developed by 
conservation biologists into what we now call 
biodiversity hotspots or conservation targets. 
Based on narratives from Vavilov’s expeditions 
in the 1920s and 1930s and the author’s own 
travels to retrace Vavilov’s steps, Nabhan looks 
at changes in agricultural biodiversity. 

The journeys cover nine regions of the globe. 
Each chapter highlights a specific land-use sys- 
tem, such as the wild apple forests of Kazakh- 
stan; the diverse date cultivation in the oases 
of the Maghreb in north Africa; the traditional 
milpa cropping system in Mexico, based on 
maize (corn) and beans; or the forest gardens of 
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Amazon agriculture benefits from crop diversity. 
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the Amazon basin in South America. Nabhan 
observes that, almost everywhere, crop diver- 
sity has strongly and rapidly dedined during the 
time between Vavilov’s and his own visits. Both 
global- and regional-scale processes are held 
responsible for the homogenization of crops. 
For example, melting glaciers account for a 
depletion of hydrological sources in Tajikistan’s 
Pamir mountains, which damages traditional 
cropping systems. In northern Italy’s Po valley, 
wasteful irrigation practices and mechanized 
high-performance agriculture have displaced 
traditional land uses. In the Middle East, politi- 
cal unrest and the legacy of colonialism have 
disrupted ancient farming systems. In Kazakh- 
stan, economic growth has driven urban sprawl, 
threatening agricultural land close to cities. 

Yet Nabhan’s perspective is positive. He 
stresses the value of diverse crop varieties and 
the cultural traditions of land use and food 
preparation — for pragmatic reasons and as 
a cultural heritage that provides humankind 
with pleasure. He presents promising initia- 
tives to recover crop diversity, from the reha- 
bilitation of farmers’ markets in Lebanon to 
efforts to renew local Hopi food systems in 
Arizona. And he shows how rich crop diversity 
and traditional seed selection and distribution 
support adaptation to changing environmental 
or societal conditions. I was fascinated by the 
story of how Colombian peasants have selected 
varieties of coca plants — the leaves of which 
contain cocaine alkaloids — that are resistant 
to the aerially sprayed herbicide used in the war 
on drugs. These resistant varieties have arisen 
through farmer-based selection, adaptation 
and informal dissemination of coca cuttings, 
all without any genetic engineering. 

Where Our Food Comes From is a marked 
critique of the worldwide simplification of 
agricultural systems. It pins its hopes on local, 
traditional agriculture and is sceptical of top- 
down approaches to increasing food produc- 
tion, such as calls pr another green revolution. 
Many of its conclusions coincide with those 
reached by the International Assessment of 
Agricultural Knowledge, Science and Tech- 
nology for Development, which concluded 
that the focus on maximum agricultural com- 
modity production was responsible for the 
depletion of natural capital. 

There are two opposing sides in the debate 
on how to increase food security. One side, 
which includes Nabhan, endorses the support 
of small-scale, low-output agriculture that is 
highly diverse. Among other examples, Nab- 
han uses the case of Ethiopian wheat varieties, 
which proved invaluable in the fight against 
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The theory posited unknown and 
perhaps inaccessible degrees of free- 
dom of quantum systems, the values 
of which fix the behaviour of such 
systems. But quantum indetermin- 
ism is overcome at the price of allow- 
ing ‘non-local’ or ‘faster-than-light 
communication among those hidden 
variables, which might conflict with 
Einstein’s theory of relativity. Gilder 
devotes long discussions to the career 
and ideas of Bohm. All the more puz- 
zling, then, that when she tells us 
again and again about experiments 
confirming violations of the Bell 
inequality, she leaves the reader with 
the impression that this is a hands- 
down victory for quantum mechanics 
over hidden variable theories, when it 
is only local hidden variable theories 
that are put in jeopardy. One might 
reject Bohmian mechanics for other 
reasons, but these tests alone do not 
afford them. Kumar’s hasty resumé of 
the same results leaves one still more 
confused. He suggests that Einstein’s 
reservations about the completeness 
of quantum mechanics are somehow 
vindicated by experiments confirming 
the predictions of standard quantum 
mechanics. 
Both authors would have been helped by 
a closer look at the well-known re-analysis 
of Bell’s argument, introduced in 1984 by 
Jon Jarrett and refined by Shimony. Jarrett 
showed that the original Bell locality condi- 
tion is a conjunction of two logically inde- 
pendent conditions that Shimony called 
outcome independence and parameter inde- 
pendence. The former is akin to a denial of 
quantum entanglement, the latter to relativ- 
istic locality constraints. Experimental viola- 
tions of the Bell inequality can now be traced 
to violations of one or the other of these two 
conditions. That there are two independ- 
ent routes to violations of the Bell inequal- 
ity makes it clear how orthodox quantum 
mechanics, which presumes entanglement, 
and a Bohm-type hidden variables theory, 
which assumes relativistic non-locality at 
the microlevel, can both claim to have been 
vindicated by the Bell experiments. But these 
gentle criticisms should not deter the inter- 
ested reader from enjoying two welcome 
additions to the popular history of twenti- 
eth-century physics. a 
Don Howard is professor of philosophy at the 
University of Notre Dame, Notre Dame, Indiana 
46556, USA. His book on Einstein for Blackwell's 
Great Minds series will be published in 2009. 
e-mail: dhoward1@nd.edu 


Back to the roots of crop farming 


Where Our Food Comes From: Retracing 
Nikolay Vavilov's Quest to End Famine 

by Gary Paul Nabhan 

Island Press: 2008. 266 pp. $24.95, £21.50 


In 1941, when German and Finnish troops 
threatened to besiege the Russian city of Lenin- 
grad (now St Petersburg), Soviet leaders hurried 
to authorize the evacuation of the art collection 
from the city’s Hermitage museum. Another 
extraordinary treasure, then the world’s largest 
collection of more than 380,000 food crop sam- 
ples housed at Leningrad’s All-Union Institute 
of Agricultural Sciences, did not receive such 
privileged treatment; it survived the 1941-44 
Leningrad blockade only through the virtue of 
committed individuals. Clearly, society places 
different values on the heritage content of the 
art museum and the seed bank. 

In Where Our Food Comes From, Gary Paul 
Nabhan, a conservationist and research social 
scientist at the University of Arizona, spotlights 
crop diversity as a neglected but vital cul- 
tural resource. He does so by chronicling the 
journeys of Nikolay Vavilov, Russia’s famous 
geneticist and botanist, and creator of the Len- 
ingrad seed bank. Vavilov was the first to iden- 
tify the world’s centres of crop diversity — a 
concept that, decades later, was developed by 
conservation biologists into what we now call 
biodiversity hotspots or conservation targets. 
Based on narratives from Vavilov’s expeditions 
in the 1920s and 1930s and the author’s own 
travels to retrace Vavilov’s steps, Nabhan looks 
at changes in agricultural biodiversity. 

The journeys cover nine regions of the globe. 
Each chapter highlights a specific land-use sys- 
tem, such as the wild apple forests of Kazakh- 
stan; the diverse date cultivation in the oases 
of the Maghreb in north Africa; the traditional 
milpa cropping system in Mexico, based on 
maize (corn) and beans; or the forest gardens of 
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Amazon agriculture benefits from crop diversity. 
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the Amazon basin in South America. Nabhan 
observes that, almost everywhere, crop diver- 
sity has strongly and rapidly dedined during the 
time between Vavilov’s and his own visits. Both 
global- and regional-scale processes are held 
responsible for the homogenization of crops. 
For example, melting glaciers account for a 
depletion of hydrological sources in Tajikistan’s 
Pamir mountains, which damages traditional 
cropping systems. In northern Italy’s Po valley, 
wasteful irrigation practices and mechanized 
high-performance agriculture have displaced 
traditional land uses. In the Middle East, politi- 
cal unrest and the legacy of colonialism have 
disrupted ancient farming systems. In Kazakh- 
stan, economic growth has driven urban sprawl, 
threatening agricultural land close to cities. 

Yet Nabhan’s perspective is positive. He 
stresses the value of diverse crop varieties and 
the cultural traditions of land use and food 
preparation — for pragmatic reasons and as 
a cultural heritage that provides humankind 
with pleasure. He presents promising initia- 
tives to recover crop diversity, from the reha- 
bilitation of farmers’ markets in Lebanon to 
efforts to renew local Hopi food systems in 
Arizona. And he shows how rich crop diversity 
and traditional seed selection and distribution 
support adaptation to changing environmental 
or societal conditions. I was fascinated by the 
story of how Colombian peasants have selected 
varieties of coca plants — the leaves of which 
contain cocaine alkaloids — that are resistant 
to the aerially sprayed herbicide used in the war 
on drugs. These resistant varieties have arisen 
through farmer-based selection, adaptation 
and informal dissemination of coca cuttings, 
all without any genetic engineering. 

Where Our Food Comes From is a marked 
critique of the worldwide simplification of 
agricultural systems. It pins its hopes on local, 
traditional agriculture and is sceptical of top- 
down approaches to increasing food produc- 
tion, such as calls pr another green revolution. 
Many of its conclusions coincide with those 
reached by the International Assessment of 
Agricultural Knowledge, Science and Tech- 
nology for Development, which concluded 
that the focus on maximum agricultural com- 
modity production was responsible for the 
depletion of natural capital. 

There are two opposing sides in the debate 
on how to increase food security. One side, 
which includes Nabhan, endorses the support 
of small-scale, low-output agriculture that is 
highly diverse. Among other examples, Nab- 
han uses the case of Ethiopian wheat varieties, 
which proved invaluable in the fight against 
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the virulent leaf rust fungus, to show that 
traditional, allegedly outmoded forms of land 
use may help to solve modern environmental 
problems. The opposing side advocates modern, 
technology-intensive, high-performance forms 
of agriculture that safeguard large parts of the 
world’s food supply today, but are not resilient 
and depend on significant inputs of fossil fuels 
that may become expensive in the future. 
Nabhan notes the often overlooked contri- 
butions of traditional ecological knowledge 
to sustainable food production. After reading 
the book, major questions arise. Do locally 
domesticated plants have an archival function 
that provides genetic varieties for modern plant 


breeding, and should they thus be conserved in 
their remote centres of origin? Or can they be 
used on a larger scale in intensive agricultural 
landscapes? The integration of traditional and 
modern practices into agricultural systems that 
are productive yet sustainable, consideration 
of the needs of small-scale farmers and main- 
tenance of diverse ecosystems will all remain 
conflict-laden — but they represent crucial 
challenges in the quest to feed the world. m 
Tobias Plieninger heads a group on ecosystem 
services at the Berlin-Brandenburg Academy of 
Sciences and Humanities, Jagerstrasse 22/23, 
10117 Berlin, Germany. 

e-mail: plieninger@bbaw.de 


Early days of science broadcasting 


Science on the Air: Popularizers and 
Personalities on Radio and Early Television 
by Marcel Chotkowski LaFollette 

Chicago Univ. Press: 2008. 324 pp. $27.50 


Writing popular science and writing about 
popular science are very differ- 
ent endeavours. The former is 
at least as old as John Newbery’s 
Newtonian System of Philosophy 
(1761), with its star Tom Tele- 
scope, and has been practised in 
every medium in turn: lectures, 
books, newspapers, magazines, 
cinema, radio, television and 
the Internet. But analysing it 
is a recent pursuit, tied to the 
growth of university science- 
studies departments concerned 
with science’s social dimensions. 
Although now established, the 
field is not so overpopulated that 
there is agreement about how to 


do it, or for whom. eames ba 6 


Marcel Chotkowski LaFollette 
has written on the history of 
popular science for more than 25 years, and 
is best known for Making Science our Own: 
Public Images of Science, 1910-1955 (Univ. 
Chicago Press, 1990). In her new book, Science 
on the Air, she reveals from primary sources 
the story of the first 20 years of science broad- 
casting on US radio. We meet the Smithso- 
nian Institution’s Austin Hobart Clark, who 
initiated a series of scientists’ radio lectures in 
1923, and Thornton Burgess, who transferred 
from writing children’s nature books to radio 
programmes. LaFollette discusses how the 
scientist William Ritter and the newspaper 
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publisher Edward Scripps established the 
Science Service news bureau in 1920, which 
was highly influential in both print and radio 
for four decades. The one post-war chapter, 
which benefits from an established secondary 
literature, discusses science on US television 
in the 1940s and 1950s. Here LaFollette con- 
trasts the sober style 
of The Johns Hopkins 
Science Review (from 
1948) with the more 
entertaining formats 
sponsored by the Bell 
Telephone System and 
programmes made by 
Disney from 1954. 
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Scientists conveyed information directly to the 
public in early radio broadcasts. 


Science on the Air has an academic level 
of detail. But LaFollette writes in a narrative 
style, with occasional touches of whimsy — 
“microphones trembled during atomic bomb 
tests and rattled with impassioned debate’, for 
example. This choice has consequences; after 
reading it, you will know what happened to 
US science radio and early television, but you 
may wonder why you need to know it. A more 
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argumentative or analytical approach would 
have addressed why popular science matters. 

The relationship of science to people and 
to the broader culture was, in the period she 
describes, gaining importance as the sci- 
ences began to have a significant impact on 
ordinary lives. The possibility that scientists 
might have a negative impact, through their 
perceived responsibility for new weapons and 
mass-production machinery, was a live issue. 
More historical studies of the vehicles of sci- 
ence communication are needed so that we can 
understand the interplay between science and 
society; but this requires more than narrative. 

So little is published in this area that it 
would be unfair to ask LaFollette to draw 
international comparisons. With a myriad 
of local commercial stations to follow and 
many potential stories to tell, she has a more 
difficult job than scholars of British science 
radio, for example, where for the same period 
there was one monopoly broadcaster, the BBC. 
LaFollette describes how in the United States 
scientists preferred a lecture format, but were 
put under pressure to make their programmes 
more entertaining or risk marginalization. In 
Britain, producers remained deferential and 
accepted that information should be conveyed 
directly from the authority to the viewer — 
“public men personally discussing events in 
the news’, as one producer put it. Unlike in 
the United States, elite scientific organizations 
such as the Royal Society and the British Asso- 
ciation repeatedly sought control over broad- 
casts. A common element was the growing 
importance of the skilled intermediary, and 
mediation by a presenter was the norm on 
television by the late 1950s. 

Today the media market 
is global. Producers work in 
a multichannel world, where 
no country’s output can afford 
to limit itself to national con- 
cerns. Single broadcasters can 
rarely afford the cost of ambi- 
tious science shows and so seek 
to collaborate. Co-production 
has led to a homogenization 
of style, moving closer to the 
US entertainment model and 
away from the earnest, deferential treatment 
LaFollette describes in 1920s radio. Some 
commentators fear that the science in science 
programming is reaching homeopathic con- 
centration. The continuing presence of science 
in the schedules, evidently vulnerable to broad- 
casting fashions, demands investigation. This 
book shows it can be done. a 
Tim Boon is chief curator at the Science Museum, 
London, and author of Films of Fact: A History of 
Science in Documentary Films and Television. 
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Beyond Babylon: Art, Trade, and Diplomacy 
in the Second Millennium B.C. 
Metropolitan Museum of Art, New York 
Until 15 March 2009 


Before the BlackBerry, before the iPhone, 
before e-mailing, texting and instant mes- 
saging, was an ivory-hinged boxwood writ- 
ing board. Originally inlaid with wax, it was 
probably engraved with a ship’s cargo inven- 
tory. The hand-sized board, now shrivelled 
and cracked, might also have carried messages 
between ancient Near Eastern courts, and sank 
to the bottom of the Mediterranean Sea at the 
end of the fourteenth century be with its ship: 
a 15-metre-long vessel wrecked off the coast 
of southern Turkey. 

The ship’s contents, currently on display in 
New York in the Metropolitan Museum of Art’s 
dazzling exhibition, Beyond Babylon, are a tes- 
tament to the globalization of trade and mass 
communication that existed in the Bronze Age. 
The earliest seagoing vessel ever excavated, the 
ship carried 15,000 items from 12 different 
cultures, induding Old Babylonian, Egyptian, 
Mycenaean, Assyrian, Canaanite, Nubian, Bal- 
kan and Baltic. The 17 tonnes of cargo induded 
10 tonnes of copper from Cyprus; 1 tonne of 


tin, probably mined in central Asia; 
350 kilograms of turquoise and pur- 
ple glass ingots from Egypt; ebony 
from Nubia (now northern Sudan); and 
150 Canaanite jars, many filled with resin 
from the terebinth tree, used in scented 
oils and as an antiseptic. Precious gifts 
included ostrich eggs, gold pendants, 
glass beads, hippopotamus teeth, spices 
such as coriander and cumin, and two del- 
icately carved, duck-shaped ivory pots. 
The quest for commodities such as 
copper and tin, the basic ingredients 
of bronze — and for exotic materials 
such as ivory and the semiprecious stone 
lapis lazuli — drove commerce between these 
kingdoms of the second millennium bc, and 
inspired a cross-border blossoming of art 
and technology. The influence of one culture 
on another is evident in the mélange of styles 
incorporated in the artefacts on show, which 
encompass a sumptuous array of gold diadems 
and scarabs, jewel-inlaid daggers, bronze deities 
(detail, pictured), carved seals and ceramic jars 
from sites stretching from the Mediterranean 
to the Indus River. Another duck-shaped con- 
tainer, from the reign of Egypt's Amenhotep III 
(around 1390 to 1352 bc), has carved ivory 
wings of Canaanite design, but the duck is held 
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in the outstretched arms of a lissom 
female swimmer with Egyptian fea- 
tures. A silver stag-shaped cup, from 
the Hittite empire of Anatolia in the 
fourteenth century bc, incorporates 
hunt scenes and is inlaid with a copper 
alloy used earlier in Middle Kingdom 
Egypt. The transfer of technology is also 
apparent in the blue glass ingots excavated 
from the shipwreck: coloured with cobalt, 
they are chemically similar to vessels made 
of blue glass from Amarna, Egypt, and to 
blue beads from Mycenaean Greece. 
Artisans and scholars also moved 
across cultures. A fourteenth-century be 
fragment of a cuneiform clay tablet from 
the ancient Hittite capital Bogazkale, now 
in modern Turkey, is carved with the Epic 
of Gilgamesh, the Mesopotamian saga that 
visiting professors circulated far and wide. 
Equally fascinating is ‘The Game of 58 Holes’, 
a board game similar to snakes and ladders 
that was found across Mesopotamia, Iran and 
Anatolia. The exhibition includes an ebony- 
and-ivory version etched with a palm tree 
and studded with ten dog-headed pegs; it was 
found in Egyptian Thebes and dates to 1981 to 
1802 bc. It may not be an iPod, but even then, 
perhaps, tired traders on long trips found 
entertaining ways to break the monotony. @ 
Josie Glausiusz is a journalist based in New York. 
e-mail: josiegz@earthlink.net 


QSA: Helium walks into a bar... 


Science comedian Brian Malow is a regular performer on the museum and 
conference circuit in the United States. He explains why he finds science funny, 
and how he uses comedy to gain the public’s interest. 


How did you get into science 
comedy? 

lused to be an astronomer, 
but I got stuck on the day 
shift. Actually, it was a 
gradual evolution. 


I just wrote material that 

made me laugh, without 
worrying what other people 
would think. The challenge 
was to find the like-minded 
audience: the adenine to my 
thymine, the guanine to my 
cytosine. 


Are some topics funnier than others? 
Anything that you can anthropomorphize 
is easy — such as insects and animals. And 
the more familiar I am with a subject, the 
easier it is. That’s why I have a lot of physics 
and astronomy material. The other day, I 
had a frightening experience at a café when 
I noticed someone had put pasta and 
antipasto right next to each other. 


What do you do when a joke fails? 
Sometimes I say, “That joke was endothermic 
— it required the addition of a little energy 
from you to make it work.” 


Do science jokes go out of fashion? 
Unlike politics or pop culture, basic science 
is evergreen. Gravity and laws of motion 
don't go out of style. Then there’s always new 
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science to cover, such as the Large Hadron 
Collider. It has already proven science can 
get massive media coverage if it’s rumoured it 
might destroy the planet. 


Is scientific jargon a source of humour? 
Absolutely. I did some shows for the American 
Chemical Society and prepared by studying 

a glossary of chemical terms. There’ a lot of 
pun potential in chemistry. They wondered 

if I could be off-the-cuff and I said, “I'm so 
spontaneous I have a negative AG” 


And that helium? 

Right. So the bartender says, “We don't serve 
noble gases here.” The helium doesn’t react.m™ 
Interview by Nick Thomas, associate professor of 
chemistry at Auburn University at Montgomery, 
Alabama 36117, USA. 

e-mail: nthomas@aum.edu 


Brian Malow: The Final Frontier? 

Next show at the National Institute of 
Standards and Technology, Maryland 
19 December 2008 
www.sciencecomedian.com 
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How to beat an alcohol problem 


Karl B. Hansen 


Some alcohols can’t be made ina way that controls the crucial arrangement of chemical groups in the 
molecule. A reaction that uses common laboratory reagents offers a practical route to these compounds. 


Since the discovery that many organic molecules 
have mirror-image forms’, chemists have 
sought to control which of these ‘enantiomers 
is synthesized in reactions. Several strategies 
have been developed, such as the use of catalysts* 
or enzymes’ to direct reactions towards making 
a particular chiral form. Alternatively, desired 
enantiomers can be separated from mixtures 
using chromatography’ or other ‘resolution’ 
techniques’. Certain dasses of compounds can 
now be easily prepared as pure enantiomers, 
but others — in particular those with many 
chemical groups attached to a single carbon 
atom — remain a challenge. 

Reporting on page 778 of this issue, Aggarwal 
and colleagues® describe a striking reaction in 
which an alkyl (hydrocarbon) group is attached 
to a chiral carbon atom so that the enantio- 
meric purity of the reactant is retained in the 
product. Because a compound's enantiomers 
often have different biological activities, this 
could be particularly useful for drug discovery 
and development. 

So what is the molecular basis of chirality 
in molecules? When four different chemical 
groups (or atoms) are attached to a carbon 
atom, two geometrically distinct arrangements 
of the groups around the carbon are possible 
(Fig. 1a). The two resulting molecules are 
mirror images, and can’t be superimposed on 
each other. These molecules behave identically 
in chemical reactions unless they interact with 
other chiral molecules — in the same way that 
a left hand is, to all intents and purposes, the 
same as a right hand until you try to insert it 
into a right-handed glove. 

Because almost all of the components in 
cells — proteins, nucleic acids and so on — are 
chiral, two enantiomers of the same molecule 
will almost always interact with those compo- 
nents in different ways. An everyday example of 
this isa mdecule called carvone’: one enantio- 
mer smells of caraway, whereas the other smells 
of spearmint, because of the way each isomer 
interacts with olfactory receptors. 

In the case of chiral medicines, the con- 
sequences of such isomerism can be grave. 
One enantiomer of a drug might bind to its 
intended target protein much more strongly 
than the other. Even worse, the ‘wrong’ form 
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Figure 1| Preparing single enantiomers of tertiary alcohols. a, Organic compounds that contain 
carbon atoms to which four different groups are attached can form as two possible enantiomers — 
mirror images of each other, as shown for this secondary alcohol (Me is a methyl group). Secondary 
alcohols can be easily synthesized as single enantiomers. b, Tertiary alcohols are structurally similar 
to secondary alcohols, but contain an extra hydrocarbon group (in this case, hydrocarbon R’ replaces 
the hydrogen atoms shown in red in a). Single enantiomers of tertiary alcohols cannot be made using 
methods analogous to those used for secondary alcohols. Aggarwal and colleagues’ report a method 
that solves this problem (c-e). ¢, Carbamates (readily made from secondary alcohols) can be treated 
with a base to generate an anion. d, If the anion is reacted with a boronate ester (R'B(OR’),, where R’ 
is any hydrocarbon group) and then with hydrogen peroxide, a single enantiomer of a tertiary alcohol 
is produced, which retains the arrangement of groups in the carbamate. e, If a borane (R'BR’,) is used 
instead of a boronate ester, the opposite enantiomer is made. 


might interact with a completely different 
receptor. The most drastic and oft-cited case 
of this is thalidomide®: one enantiomer is a 
sedative, the other causes severe birth defects. 
Drugs for human use were often sold as one- 
to-one mixtures of enantiomers, because such 
mixtures are easier to prepare than the single 
isomers. But since the thalidomide tragedy, 
drug-regulatory agencies strongly prefer 
chiral molecules to be prepared and marketed 
as pure enantiomers’. 
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Chemists have risen to this synthetic 
challenge magnificently. It is now possible to 
prepare many kinds of compound routinely in 
enantiomerically pure form, including a struc- 
tural class known as secondary alcohols. Sec- 
ondary alcohols are useful as chiral building 
blocks for more complex, biologically active 
molecules, and often have interesting biologi- 
cal activities in their own right. They consist 
of a hydrogen atom, a hydroxyl (OH) group 
and two alkyl groups attached to a central 
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carbon atom (Fig. 1a). One 6 the most successtl 
ways to prepare single enantiomers of second- 
ary alcohols is to add hydrogen to carbonyl 
compounds (which contain carbon-oxygen 
double bonds) in the presence of a chiral 
catalyst. 

But alcohols of another class are much more 
difficult to make as pure enantiomers. Terti- 
ary alcohols contain carbon atoms to which 
a hydroxyl group and three alkyl groups are 
attached (Fig. 1b), and are just as useful as 
secondary alcohols. In principle, they could 
be prepared by adding an alkyl group to a car- 
bonyl compound in the presence of a chiral 
catalyst. Unfortunately, although chemists have 
developed many powerful catalysts that allow 
pure enantiomers of secondary alcohols to be 
made by adding hydrogen to carbonyls, there 
are far fewer general methods that control the 
addition of alkyl groups to carbonyls to make 
single enantiomers of tertiary alcohols”. 

Aggarwal and colleagues® have therefore 
taken a different approach. They have devised 
a way to transform chiral molecules known 
as carbamates — which can be prepared 
easily from secondary alcohols — into tertiary 
alcohols (Fig. 1c-e). The method involves 
plucking a hydrogen atom from the carbamate 
using a base, thus forming an intermediate 
anion. The anion is then reacted with a boron- 
containing reagent, which acts as a source of 
alkyl groups. Finally, an oxidizing agent (hydro- 
gen peroxide) is added. This acts as a source 
of hydroxyl groups and its addition results in 
the formation of the desired tertiary alcohol. 

There are several interesting and useful 
aspects of this work. First, the chiral ‘infor- 
mation’ in the starting material is transferred 
efficiently to the product — that is, an enantio- 
merically pure reactant is converted into essen- 
tially a single enantiomer of product. Often, the 
anions of chiral compounds quickly convert 
back and forth between enantiomers, so that 
the chiral information from the reactant is lost 
and the product forms as a mixture of isomers. 
But Aggarwal and colleagues form their anion 
intermediates under conditions in which this 
interconversion is slow, thus preventing the 
formation of a mixture. 

Another impressive feature of the method is 
that it allows many different tertiary alcohols 
to be prepared from a single carbamate. A 
wide array of boron reagents is commercially 
available (or can be easily prepared) that can 
act as sources of different alkyl groups. This 
means that a diverse set of products can be 
made conveniently from a common starting 
material. 

The most remarkable aspect of this process, 
however, is that the exact enantiomer of the 
product prepared in the reaction is governed 
by the nature of the boron reagent selected. 
The authors observed that the use of a boron- 
ate ester (which contains two boron—-oxygen 
bonds and one boron-carbon bond, Fig. 1d) 
results in the groups around the chiral carbon 
atoms retaining the same arrangement in the 
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product as in the carbamate. But when they 
used a borane (which contains three boron-— 
carbon bonds and no boron-oxygen bonds, 
Fig. le), the groups ‘lip’ into the mirror-image 
arrangement. Thus, either enantiomer of the 
product can be prepared from a single chiral 
precursor — a rare feature that is not only prac- 
tically useful, but also interesting in terms of 
fundamental reactivity. 

Aggarwal and colleagues’ findings’ are likely 
to inspire others to explore the chemistry of 
stable chiral anions in organic molecules, 
opening up new areas of research. Moreover, 
by replacing hydrogen peroxide in the final 
step of the procedure with other reagents, it 
might be possible to make other chiral mol- 
ecules that have been difficult to prepare as 
single enantiomers. But what is particularly 
exciting is how rapidly this work can be put 
into practice by others in the field: many of the 
required reagents and substrates are common 


items in the stockrooms of organic chemistry 
labs around the world. |] 
Karl B. Hansen is in the Department of Small 
Molecule Process and Product Development, 
Amgen, One Kendall Square, Building 1000, 
Cambridge, Massachusetts 02139, USA. 
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MICROBIAL ECOLOGY 


Metabolism of the deep 


Christa Schleper 


Certain microorganisms from the domain Archaea seem to be big players in 
the marine carbon and nitrogen cycles. A study linking their abundance in 
the deep sea to their likely metabolic profile refines this view. 


The deep ocean covers two-thirds of our planet 
and teems with microbial life. Understanding 
the roles of deep-sea microbial communi- 
ties is therefore essential for understanding 
global biogeochemical cycling, which in turn 
is pivotal for all other forms of life. Some of 
the most abundant creatures in the deep sea 
are the Crenarchaeota, microorganisms that 
belong to the domain Archaea. In recent years, 
it has been suggested’* that members of one 
major group of Crenarchaeota have a central 
role in the ocean's nitrogen cycle, because they 
perform the first step in the process that con- 
verts ammonia to nitrate. Furthermore, they 
were thought to be autotrophs (organisms that 
fix inorganic carbon for growth, rather than 
acquiring carbon from organic sources), thus 
also implicating them in the carbon cycle. 

But on page 788 of this issue’, Agogué et al. 
propose that neither of these ideas is tmue for all 
Crenarchaeota. Their data suggest that some 
of these organisms — especially those residing 
in the deeper oceanic waters of the subtropi- 
cal and tropical North Atlantic Ocean — do 
not carry genes for the main enzyme involved 
in ammonia oxidation, and that deep-sea 
Crenarchaeota depend on organic sources 
of carbon. 

Agogué and colleagues’ findings contribute 
to the current debate about the ecological role 
of Crenarchaeota in marine and terrestrial 
environments. Variants of genes that encode 
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ammonia monooxygenase — the enzyme that 
oxidizes ammonia (Fig. 1) — were recently 
detected’*** in archaeal genomes. When 
coupled with the fact that there are hundreds 
(and sometimes thousands) more archaea 
than ammonia-oxidizing bacteria in many 
terrestrial and marine environments, archaea 
suddenly emerged as probable major contribu- 
tors to the nitrogen cycle***”*. 

This finding was surprising because, for 
the past hundred years, ammonia oxidation 
had been considered to be performed exclu- 
sively by specialist bacteria. The isolation and 
laboratory cultivation of ammonia-oxidizing 
archaea confirmed the hypothesis that cer- 
tain Crenarchaeota are capable of generating 
energy through ammonia oxidation in an 
oxygen-dependent process, and thereby fix 
carbon from inorganic sources, just like their 
bacterial counterparts’”””. But it remained to 
be shown whether the high abundance of the 
archaeal amoA gene (which encodes ammonia 
monooxygenase) in the environment reflects a 
high archaeal contribution to ammonia oxida- 
tion. Furthermore, there was the question of 
whether all Crenarchaeota in moderate envi- 
ronments contribute to ammonia oxidation. 

Apparently not. Agogué et al.° do not find 
evidence for ammonia oxidizers in the deep sea 
of equatorial regions. They took water samples 
from different depths in the North Atlantic 
Ocean, and at latitudes ranging from polar 
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Figure 1 | Nitrification in the global nitrogen cycle. Ammonia oxidation is the first step of nitrification, 
the process in which ammonia (NH, of organic origin) is oxidized to nitrate ions (NO, ). Nitrification 
occurs on land and in the oceans and is essential for the global cycling of nitrogen. The process was long 
thought to be performed solely by bacteria, but certain archaea (Crenarchaeota) have recently been 
shown to be capable of ammonia oxidation, and to contain genes for ammonia monooxygenase (AMO, 
the key enzyme involved in ammonia oxidation). a, AMO converts ammonia into hydroxylamine 
(NH,OH). b, Hydroxylamine is converted by the same microorganisms into nitrite ions (NO, ) —a 
protein that catalyses this process has not yet been found in archaea. c, Other specialized bacteria 
complete nitrification by converting nitrite ions to nitrate ions. d, The nitrate is then either assimilated 
into organic matter or denitrified by other microorganisms to produce nitrogen, which escapes into 
the atmosphere. e, ‘Anammoyw bacteria can also convert ammonia and nitrite ions into nitrogen. 

f, Nitrogen is fixed mostly by specialized bacteria, producing ammonia. This can be incorporated into 
organic matter, or oxidized as the cycle continues. Agogué et al. show that ammonia-oxidizing archaea 
are abundant in the North Atlantic Ocean, but not in the deep sea of equatorial regions. 


regions down to the Equator. They then quan- 
tified the ratio of the number of archaeal amoA 
genes in the samples to the total number of 
Crenarchaeota, the latter number being deter- 
mined by measuring the abundance of an RNA 
gene that is ubiquitous in these organisms. 

The results” indicate that the ratio decreases 
markedly from subpolar to equatorial regions, 
and also from subsurface waters to the deep 
ocean. Whereas the concentrations of amoA 
genes found at all depths in polar regions were 
high, they were 1,000 times lower than the 
concentration of total Crenarchaeota found in 
the bathypelagic waters (1,000-4,000 metres) 
of subtropical regions. The authors therefore 
conclude that most deep-sea Crenarchaeota 
in subtropical waters do not oxidize ammonia. 
Perhaps tellingly, the concentration of ammo- 
nia in subtropical deep waters is considerably 
lower than in the equivalent polar regions, 
where potential ammonia oxidizers are found 
in high numbers. 

Agogué et al. also measured the ability of 
microorganisms taken from the locations 
described above to fix inorganic carbon. They 
found that the decreases in amoA abundance 
seen in their experiments’ mirror the observed 
patterns of carbon fixation — as the ability 
of marine microorganisms to fix carbon 
declines, so does the number of amoA genes 
in the archaeal population. This in t urn 


suggests that deep-sea Crenarchaeota are not 
autotrophs. 

Although these findings’ significantly refine 
our perception of crenarchaeotal metabolisms 
in the ocean, some caveats remain. The authors’ 
gene-detection method assumes that archaeal 
amoA genes are similar to known amoA genes. 
But it is difficult to rule out the possibility that 
Agogué et al. simply missed specific variations 
of amoA genes that are typical of deep-water 
Crenarchaeota alone. Numerous cases exist 
in microbial ecology in which DNA-detec- 
tion methods completely overlooked specific 
groups of genes, including amoA genes. 

Similarly, Agogué and colleagues’ data 
do not conclusively prove that deep-sea 
Crenarchaeota are not autotrophic. But their 
conclusions are supported by evidence from a 
series of previous studies''* that reported the 
incorporation of organic carbon sources into 
Crenarchaeota, thus indicating that at least 
some Crenarchaeota are heterotrophic — they 
take up organic carbon for growth. 

It was not clear from the earlier studies 
whether heterotrophic growth is a fallback 
option for otherwise autotrophic, ammonia- 
oxidizing archaea, or whether distinct popu- 
lations of Crenarchaeota exist that are strictly 
either heterotrophic or autotrophic. Agogué 
and colleagues’ findings” suggest the existence 
of specific heterotrophic Crenarchaeota, 
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50 YEARS AGO 

The first symposium on space 
medicine to be held in Great 
Britain was held at B.M.A. 
House, London, on October 16 
and 17 ... The symposium was 
arranged to discuss the reactions 
of man to the conditions that 
will be encountered in space 
and on other planets, and of the 
equipment that will be required 
for survival in these hostile 
environments... It is certain that 
man will travel into space within 
a few years. His first venture will 
probably be in orbit, close to the 
Earth, and lasting a few hours. 
His second venture will be to the 
Moon, and his third to one of the 
planets. Voyages beyond our 
own solar system are difficult to 
comprehend, but should not be 
dismissed too lightly. The reason 
for man travelling into space is 

a controversial subject. Some 
contend that he merely adds 

to the complexity of the space 
vehicle; others that he will earn 
his keep by taking decisions... 
The fact remains, however, that 
he will go, and that he will be 
faced with many of the problems 
discussed at the symposium. 
From Nature 13 December 1958. 


100 YEARS AGO 

From Prof. Haberlandt's 
laboratory at Graz there has 
been issued another paper on 
the perception of light by plants 
.. The author, Dr. K. Gaulhofer, 
has studied the epidermal cells 
of the leaves of certain plants 
that take up a fixed light position, 
and suggests that an explanation 
may be found in the presence 

of pits or clefts in the cell walls 
acting as light distributors ... The 
rays of light impinging on the 
edges of the pits are deflected, 
and consequently, underneath 
the pits, shadows are produced. 
Good instances of such pits 
occur in Aporrhiza paniculata 

and Banisteria splendens, while 
Hyperbaena laurifolia and Abuta 
concolor show well-marked 
clefts. The combination of 

pits and curved cell wall in 
Cocculus laurifolius will repay 
examination. 

From Nature 10 December 1908. 
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devoid of the amoA gene, that live prefer- 
ably in deep ocean waters (see Suppl. Fig. S4 
of Agogué et al.). 

Nevertheless, the success of archaea in many 
disparate environments might still turn out to 
be based on the organisms’ ability to switch 
from an autotrophic to a heterotrophic life- 
style, depending on environmental conditions. 
Several lines of evidence suggest that all (or 
most) soil Crenarchaeota are potential ammo- 
nia oxidizers”®. Yet it is difficult to imagine 
that the large populations of these archaea in 
terrestrial habitats are merely based on this form 
of metabolism, especially where ammonia and/ 
or oxygen concentrations are low. So although 
molecular studies such as those of Agogué et al. 
are undoubtedly valuable in raising hypoth- 
eses, additional techniques — including 
methods for probing isotope uptake by single 
cells, techniques for cultivating microorgan- 
isms in the laboratory, and biochemical analy- 
ses — will be indispensable for shedding light 
on the physiology and ecological impact of the 
ubiquitous and enigmatic Crenarchaeota. ™@ 
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ASTROPHYSICS 


Quest for a habitable world 


Drake Deming 


A neat technique, applied to the brightest transiting extrasolar planet 
known, identifies an indisputable signature of water vapour in the planet's 
atmosphere. The method might be used to probe a nearby habitable world. 


When the first discovery’ of a planet orbiting a 
Sun-type star was announced in 1995, few 
could have imagined that we would stand 
where we do today: more than 300 planets 
outside our Solar System (exoplanets) are 
now known. The presence of most of these 
exoplanets has been inferred either through 
detecting their parent star’s ‘wobble’, which is 
caused by the gravitational tug of the planet, 
or through measuring a dip in the host star’s 
light as the planet passes in front of it (transits). 
The focus of exoplanet research is now shift- 
ing towards finding planets that are the most 
promising candidates for supporting life, and 
searching for indicators of biological processes 
(biomarkers) in their visible and infrared spec- 
tra. In this issue (page 767), Grillmair et al.? 
report that, by using long-duration observa- 
tions from NASA’ Spitzer Space Telescope, 
they have found an unequivocal signature of 
water vapour in the atmosphere of the bright- 
est transiting exoplanet yet detected, the gas 
giant HD 189733b. 

The transit method of detecting exoplanets 
has been especially fruitful for studying these 
objects because it allows the planet’s light to 
be measured using a geometric trick. Almost 
all planets that transit their stars will also pass 
behind the star at a known time. Measuring the 
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system before or after this ‘secondary eclipse 
gives the light of the star plus its planet, but a 
measurement of the system when the planet is 
behind the star gives the star’s light in isolation. 
Subtracting one measurement from the other 
reveals the contribution of the planet. 

The secondary-eclipse method was the 
technique used to measure the first crude 
spectra of HD 189733b and another extrasolar 
planet, based on Spitzer observations**. But 
these pioneering measurements raised more 
questions than they answered. We know that 
oxygen is the most abundant element in the 
cosmos after hydrogen and helium, and that 
oxygen atoms should combine with hydrogen 
in gas-giant planets to produce water vapour. 
But the first spectra of HD 189733b did not 
show the expected signature of water vapour. 
Was the water missing, variable in abundance, 
or just hidden by high cloud layers? The reason 
for its absence in the first observations is still 
unclear. Other investigations have found signs 
of water in giant exoplanets” ~7 but doubts have 
been slow to dissipate. 

Grillmair et al.” blast away any remaining 
uncertainty by pushing the secondary-eclipse 
technique to its limit — averaging the results 
from ten eclipses of HD 189733b. The fruit of 
their persistence is a characteristic peak in the 
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planet’s spectrum that arises from a specific 
bending mode of the water molecule. The 
authors show conclusively that water vapour is 
present in the atmosphere of this hot gas giant 
world, validating a key aspect of our current 
models for these kinds of planets. 

Giant hot exoplanets are fascinating, but 
what we ultimately want to find are life-bear- 
ing worlds. That search should target small, 
rocky or icy exoplanets, not gas giants, because 
the thick hydrogen-helium envelopes of 
gas giants are not where we expect to find life. 
The detection of atmospheric biomarkers will 
be crucial to finding life. However, although 
water is deemed to be necessary for life, atmos- 
pheric water vapour is not a biomarker; it can be 
seen in a wide vaiety of astrophysical environ- 
ments, even in sunspots®. Nevertheless, we must 
first learn how to detect abundant molecules 
such as water before we can advance to iden- 
tifying the more subtle signatures that scarcer 
molecules such as molecular oxygen leave in 
exoplanet spectra. Grillmair and colleagues 
have taken that first step. 

But how do we proceed to find biomarkers 
in the atmosphere of a habitable exoplanet? 
The most obvious way would be to image a 
planet that is a twin of Earth — that is, one 
with an Earth-like mass and distance from its 
parent star — orbiting a nearby Sun-type star. 
This could be achieved by using high-contrast 
imaging observations to separate the planet’s 
light from the bright glare of its star. Astrono- 
mers have successfully imaged massive planets 
orbiting far from their stars””°, but imaging a 
twin of our Earth will be a much more diffi- 
cult task because terrestrial planets are orders 
of magnitude fainter and closer to the glare of 
their star. Using imaging would also allow us 
to obtain spectra and thereby find a potentially 
habitable world, but such a find seems many 
years away. 

Fortunately, there is a quicker way to identify 
potentially life-bearing worlds in our close 
cosmic neighbourhood. Our nearest stellar 
neighbours are predominantly red-dwarf 
stars. These small, cool stars seem to lack gas- 
giant planets, but harbour rocky ‘super-Earth 
planets in abundance. Moreover, the habitable 
zone — the area around a star where water is 
in liquid form and life is potentially sustain- 
able — is tucked in close to these stars. This is 
exactly the region where, as viewed from Earth, 
planets are more likely to transit the star. The 
odds seem good that in the next few years we 
will find a super-Earth exoplanet that transits 
a nearby red-dwarf star in, or close to, its star’s 
habitable zone. 

The search for a transiting super-Earth has 
already begun. David Charbonneau and his 
collaborators recently inaugurated the MEarth 
(pronounced ‘mirth’) Project”. MEarth uses 
a collection of 0.4-metre-diameter robotic 
ground-based telescopes to monitor the near- 
est 2,000 red dwarfs visible from the Northern 
Hemisphere in the search for the transit of a 
rocky planet. MEarth is fully operational at 
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Figure 1| A home for life as we don't know it? A rocky super-Earth transiting a nearby red-dwarf star 
may be the best short-term chance of finding a life-bearing world outside our Solar System. Grillmair and 
colleagues’ technique” to measure spectra of exoplanets, which they applied to gas giant HD 189733b, 
the brightest transiting extrasolar planet yet detected, could ease that task. (Artwork by N. Spencer.) 


the Fred Lawrence Whipple Observatory in 
Arizona, and the robotic telescopes survey our 
nearest stellar neighbours every clear night. 
Also, NASA's prospective Transiting Exo- 
planet Survey Satellite mission could poten- 
tially find a rocky habitable planet transiting a 
nearby small star. Once we find such a planet, 
we will turn to the forthcoming James Webb 
Space Telescope to measure its spectrum, using 
the technique that Grillmair et al.’ have pio- 
neered. Orbiting a red dwarf, this habitable 
super-Earth may be a bizarre and unfamiliar 
world (Fig. 1), hosting ‘life as we don’t know 
it. Many investigators think that this prospect 
is as exciting as finding a twin of our Earth, 
whose rarity is still an open question. a 
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NEUROSCIENCE 


Brain power 


Catherine N. Hall and David Attwell 


The brain relies on blood to supply oxygen and glucose for energy. Surprisingly, 
neuronal activity, acting via supporting cells called astrocytes, can increase or 
decrease blood flow depending on whether oxygen levels are low or high. 


The air entering our lungs contains 21% oxy- 
gen, and by the time the oxygen reaches our 
brain this value has fallen to 4%. Yet physiolog- 
ical experiments on isolated brain tissue tradi- 
tionally use solutions containing 95% oxygen. 
On page 745 of this issue, Gordon et al.' dem- 
onstrate how this experimental oversupply of 
oxygen may mislead us about the mechanisms 
that are physiologically important in the brain, 


and at the same time they provide a notable 
advance in our understanding of how the brain 
regulates its energy supply. 

When an area of the brain is active, it needs 
more energy to power information processing. 
Information flow along and between neurons 
is based on the movement of ions across the 
cell membrane, and, to generate the energy 
required for pumping ions out, neurons 
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depend largely on glucose and oxygen supplied 
by the blood. 

One way in which neurons control their 
energy supply is by molecular signalling to 
surrounding support cells called astrocytes. 
This signalling is mediated by the neuro- 
transmitter glutamate, which raises the cal- 
cium ion (Ca’*) concentration in astrocytes, 
thereby generating arachidonic acid from 
membrane lipids. Surprisingly, arachidonic 
acid can either dilate”? or constrict* the blood 
arterioles to increase or decrease blood flow, 
respectively. Dilation follows the conversion 
of arachidonic acid to prostaglandin E, and 
epoxygenase derivatives, which diffuse to the 
smooth-muscle cells encircling nearby arteri- 
oles and relax them. Constriction, by contrast, 
is caused by arachidonic acid itself diffusing 
to the smooth muscle, where its derivative 
20-HETE causes arteriole constriction by 
increasing Ca” entry through voltage-gated 
channels’. 

What determines whether arterioles dilate 
or constrict in response to a high Ca** concen- 
tration in astrocytes? Gordon et al. find that 
the prevailing oxygen level is a key determinant 
of whether astrocytes increase or decrease 
blood flow. 

Two mechanisms seem to mediate this 
oxygen-dependent switch. First, at low oxy- 
gen levels, increased energy generation in 
neurons and astrocytes by a pathway that 
does not use oxygen (glycolysis) results in the 
extracellular accumulation of lactate. Because 
transporter proteins in the cell membrane 
carry prostaglandins into cells in exhange for 
lactate®, lactate levels affect how prostagland- 
ins are removed from the extracellular space. 
A high extracellular concentration of lactate 
inhibits prostaglandin removal, enhanc- 
ing extracellular prostaglandin levels and so 
dilating arterioles’. 

Second, because at low oxygen levels there is 
less energy available to make the high-energy 
compound ATP, intracellular concentrations of 
the ATP precursor adenosine rise’. Adenosine 
is then transported out of neurons and astro- 
cytes, and inhibits Ca’* entry into the arteriole 
smooth muscle through voltage-gated chan- 
nels, preventing the constriction that its entry 
would induce. Thus, low oxygen levels promote 
increased blood flow by simultaneously poten- 
tiating the dilation pathway and inhibiting the 
constriction pathway in astrocytes’. 

As with all major advances, Gordon and 
colleagues’ study raises as many questions as 
it answers. For example, how much lactate is 
needed to promote dilation? The authors’ data’ 
suggest that physiological levels of extracellu- 
lar lactate (about 1 millimdar) in the brain can 
inhibit prostaglandin uptake, yet when prosta- 
glandin transporters are expressed in a cancer 
cell line’, much higher lactate concentrations 
(48 mM) are needed to produce 50% inhibition. 
Conceivably, the transporter’s affinity for lactate 
is higher in astrocytes than in the cell line It is 
noteworthy that lactate can also dilate arterioles 
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by a prostaglandin-independent mechanism’. 

Gordon et al. demonstrate astrocyte- 
mediated dilation of arterioles in solutions 
containing 20% oxygen, which produces 
approximately physiologicallevels of oxygen 
in brain slices’. They also find that astrocyte- 
mediated constriction occurs in solutions 
containing oxygen levels well above the physi- 
ological (95%). Why has evolution produced 
the latter pathway, in which neural activity 
decreases blood flow? And will physiological 
tissue concentrations of oxygen ever be high 
enough to activate this pathway? It turns out 
that 20- HETE-mediated arteriole constriction 
is inhibited® by nitric oxide (NO), a molecule 
that is released by neurons in response to gluta- 
mate secreted by neighbouring neurons (and 
which can also directly dilate arterioles). The 
20-HETE-mediated pathway may therefore 
be better viewed as a mechanism producing a 
basal constriction of arterioles that can then be 
modulated by NO to provide another pathway 
for activity-dependent dilation. 

Future work is likely to focus on how changes 
in the levels of lactate, adenosine, oxygen and 
NO interact to coordinate blood flow and 
hence the brain’s energy supply. Some clues can 
be found in previous data. For example, NO 
released by neurons inhibits the conversion of 
arachidonic acid to epoxygenase derivatives 
that evoke dilation’. As NO production in 
neurons requires oxygen’”®, at low oxygen levels 
this mechanism will be inhibited, promoting 
dilation. Moreover, oxygen is needed for the 
synthesis of both constricting (20-HETE) and 
dilating (prostaglandin E,and epoxygenase) 
derivatives of arachidonic acid. At low oxygen 
levels, however, the production of 20-HETE 
is inhibited more strongly than that of prosta- 
glandin E, and epoxygenase derivatives’, 
increasing dilation. Finally, in blood capillar- 
ies, where contractile cells called pericytes may 
regulate blood flow'’, lactate causes constric- 
tion at high oxygen levels, but dilation at low 
levels”. There is, therefore, an array of switch- 
ing mechanisms that promote brain energy 
supply when oxygen levels fall. 

In a wider context, Gordon and colleagues’ 
observations raise questions for both cognitive 
neuroscientists and neurologists. Could the 
initial dip in local oxygen concentration that 
accompanies neural activity’ affect astrocyte 
signalling rapidly enough to contribute to the 
increase in blood flow that generates the sig- 
nals seen in functional imaging of the brain? 
And could our new understanding of astrocyte 
signalling lead to better therapies for correct- 
ing disorders of blood flow in the brain, such 
as those that occur after stroke and in vascular 
dementia? 

Gordon et al.' have opened a fresh chapter 
in our investigation of how blood flow is regu- 
lated in the brain. But their work has a broader 
implication: physiological studies using solu- 
tions bubbled with 95% oxygen may be alter- 
ing the operation of signalling pathways in the 
brain, producing misleading results. o 
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MATERIALS SCIENCE 


Deformation of the ultra-strong 


Subra Suresh and Ju Li 


In situ electron microscopy observations of the extrusion of single 
nanocrystals from graphitic cages show that these crystals deform near 
their theoretical strength limits. The question is how this happens. 


Many nanostructured materials can sustain 
specimen-wide stress up to more than a tenth 
of their ideal strength for a considerable time. 
For example, a test performed on a mono- 
layer of graphene yielded a strength value 
very close to its ideal strength calculated by 
quantum mechanics’. But the way that these 
ultra-strong materials respond to deforma- 
tion at high temperatures remains mysterious 
because performing temperature-controlled 
mechanical tests of nanostructures in situ is 
not easy. 

Writing in Physical Review Letters’, Sun et al. 
report observations of plasticity — the perma- 
nent, irreversible deformation of a material, 
as opposed to elastic deformation in which 
atomic bonds are stretched but not broken — 
of nanometre-sized metallic crystals inside 
a transmission electron microscope (TEM). 
They ascribe the observed deformation to the 
activity of short-lived, string-like defects in the 
crystals, known as dislocations. 

In 1926, Jacov Frenkel estimated’ the ideal 
(maximum attainable) shear strength of a 
perfect crystal to be about a tenth of its shear 
modulus (initial rigidity). But at that time, tests 
performed on real materials yielded strengths 
two to three orders of magnitude lower. This 
discrepancy was attributed to dislocations, 
which are boundaries of planar fault regions 
in the crystal structure where atoms slip out 
of position when the material is strained. But 
dislocations were directly observed in the TEM 
only 30 years later’. Once created, dislocations 
move and multiply easily on their own as the 
material is subjected to loading. Common 
metal objects — for example, a kitchen fork — 
contain many dislocations to start with, and 
thus deform at stresses much lower than their 
ideal shear strengths. 

Relatively large characteristic structural 
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dimensions, such as micrometre-sized grains 
in bulk materials, facilitate the continuous 
generation, entanglement and storage of dis- 
locations during plastic deformation. However, 
as the characteristic scale (such as the crystal 
grain size or the smallest dimension of a thin 
film) shrinks below 100 nm, dislocations are 
‘fatally attracted’ to internal interfaces (such as 
crystal grain boundaries) and surfaces of the 
specimen. Consequently, it becomes much 
more difficult to sustain a permanent popula- 
tion of mobile dislocations — which are the 
vehicles of plastic deformation during strain- 
ing — inside the material>®. In these cases, 
deformation can be achieved only if new dis- 
locations are nucleated afresh, usually from the 
same internal interfaces and surfaces that also 
absorb and annihilate them’*. The continual 
need to nucleate new dislocations in these tiny 
crystals results in a significant increase in the 
material's strength. 

In their experiment, Sun and colleagues” 
initially confined individual, three-dimen- 
sional crystals (as small as 10 nm in diameter) 
of materials, including gold and platinum, in 
spherical graphitic shells. Subsequent punctur- 
ing and irradiation of the shells by a focused 
electron beam at different temperatures led to 
the extrusion of the crystals from the capsules 
(Fig. 1a, b). Hom direct comparison of the lattice 
spacings in the gold nanocrystals inside and 
outside the capsules, the authors inferred a pre- 
vailing pressure of about 20 gigapascals (about 
200,000 times the standard atmospheric pres- 
sure) in the capsule when this was irradiated at 
about 300°C. This is an extremely high stress 
for gold, considering that its ideal shear strength 
is only about 1 gigapascal. There is thus no 
question that these systems are ultra-strong. 

More controversial, however, is the mecha- 
nism of deformation during extrusion. With 
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Figure 1| Crystal plasticity. Sun et al.” performed in situ transmission electron microscopy 
observations of the extrusion of single gold nanocrystals from graphitic capsules under electron 
irradiation at 300°C. a, Before irradiation. b, After irradiation for 540 seconds. ¢, Deformation 
mechanisms. The black curve shows the typical dependence of the strengths of crystalline materials 
— expressed as a fraction of their shear modulus, 4 — on temperature. As the temperature 
increases, one of three competing mechanisms operates: displacive, mixed or diffusional plasticity. 
Superimposed are illustrative simulations, which we carried out, of the plasticity of copper 
nanospheres at a temperature of 300 K (sphere at the top) and 900 K (sphere on the right), in which 
deformation is thought to be controlled by displacive and diffusional plasticity, respectively. The 
copper atoms are shown in two colours (red and cyan) to make it easier to track their motions from 
the undeformed crystal state (bottom left sphere) to the deformed state. At 900 K, the random mixing 
of red- and cyan-coloured atoms in the extrusion-neck region (where the stress gradient is largest) 
indicates that extensive surface diffusion is taking place. (a, b, Courtesy American Physical Society.) 


a TEM, Sun et al. observed a highly perfect 
atomic structure with occasional grain bounda- 
ries and planar stacking faults. But dislocations 
were not visible. On the basis of molecular- 
dynamics simulations, Sun et al. conclude 
that deformation originates from individual, 
transient dislocations that are freshly nucleated 
and vanish so fast that they cannot be seen with 
a TEM. Although diffusive atomic processes 
could be active at 300°C in gold, the authors 
argue that diffusion does not contribute to 
plastic strain, and that the observed strength 
and deformation can be accounted for solely 
by the nucleation and motion of short-lived 
dislocations. 

One of three competing mechanisms, all 
dependent on temperature and mechanical 


strain rate, induces plastic deformation: dis- 
placive, diffusional or mixed plasticity. Displa- 
cive plasticity®”* is produced by the collective 
shearing of atoms, that is, the glide of dislo- 
cations. Diffusional plasticity’ is governed 
by many, almost random, individual atom or 
vacancy hops. In conventional coarse-grained 
metals, typically below about T),/3, where T), is 
the absolute temperature at melting, deforma- 
tion is dominated by displacive mechanisms, 
whereas above about 2T,,/3 diffusional mecha- 
nisms control the process. A mixture of these 
two mechanisms occurs at in-between tem- 
peratures; in such cases the inelastic strain is 
still mainly produced by dislocation glide but 
its rate is controlled by diffusion (Fig. 1c). 
Lack of understanding of the deformation 
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mechanisms that can operate in ultra-strong 
materials severely limits our ability to create 
nanometre-scale systems with the desired 
mechanical properties. Information about 
deformation mechanisms is often gathered 
from molecular-dynamics simulations, but 
these are limited to unrealistically high strain 
rates. Recently, progress has been made 
through the use of computational methods 
that elucidate mechanisms of displacive plas- 
ticity at low temperatures through direct 
calculations of the activation volume, which 
characterizes the sensitivity of plastic-yield 
stress (the stress at which the material deforms 
permanently) to strain rate. Such computa- 
tional studies reveal that low-temperature 
deformation of ultra-strong systems, such as 
the nanocrystals studied by Sun et al., become 
highly sensitive to strain rate and tempera- 
ture”*. The underlying mechanism involves 
the nucleation, absorption and desorption 
of dislocations from interfaces and free sur- 
faces, with a resultant reduction in activa- 
tion volume, typically 2-20 times the volume 
of a single atom (Q,). This activation volume 
is much smaller than those observed for tradi- 
tional displacive-plasticity mechanisms (about 
10°.Q,) that operate in coarse-grained poly- 
crystals. It is, however, still larger than those 
of typical vacancy processes, for which the 
activation volume is less than about Q). 

But at higher temperatures, such as 300°C 
in gold, the way deformation changes with 
strain rate and the scale of nanostructures is 
unknown. In particular, the temperature and 
stress boundaries that separate the displacive 
processes from the diffusional and mixed proc- 
esses will shift from those of the corresponding 
coarse-grained materials. Further experiments 
and modelling at higher temperatures’ will 
inevitably be needed to understand deforma- 
tion in nanostructured materials. Meanwhile, 
Sun et al.” have developed an innovative in situ 
experimental method that could provide 
insight into the process. a 
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OBITUARY 


Martin Lindauer (1918-2008) 


Prime mover in behavioural physiology and sociobiology. 


Martin Lindauer, who died on 13 November 
2008, was a leading light in the discovery 

of how honeybees communicate and learn, 
sense the world, find their way, and live in 
societies. His enduring influence will also 
be felt through his success in nurturing a 
generation of German neurobiologists and 
behaviourists during his tenure, from 1963 
to 1973, as a professor of zoology at the 
University of Frankfurt. 

Lindauer was born in a tiny village in the 
foothills of the Bavarian Alps, the next to 
youngest of 15 children in a poor farming 
family. Here he grew up close to nature — 
including the bees in his father’s hives — but 
he was also an outstanding student, and won 
a scholarship to a distinguished Bavarian 
boarding school in Landshut. In April 1939, 
he was drafted into Hitler's Work Service 
to dig trenches, but six months later was 
transferred to the army and assigned to an 
anti-tank unit. In July 1942, on the Russian 
front, he was badly wounded. This was to 
prove his salvation. He was removed from the 
front, but the other 156 men in his capany 
went on to the Battle of Stalingrad. Only three 
returned alive. 

While recovering in Munich, Lindauer 
attended a lecture delivered by Karl von 
Frisch, a distinguished zoology professor 
at the university. Lindauer later recalled the 
occasion, saying that when he heard von 
Frisch talking about cell division, he felt 
he had returned to “a world of humanity’, 
where humans create rather than destroy. He 
resolved to study biology, ultimately starting 
his PhD research on honeybees, with von 
Frisch as his adviser, in the spring of 1945. 

The previous summer, von Frisch had 
made a revolutionary discovery, one for 
which he would eventually receive the Nobel 
prize: an insect, the worker honeybee, can 
inform her hive mates of the direction and 
distance to a rich food source by means of 
dance behaviour. Von Frisch wanted to press 
forward with this research, so he assigned 
Lindauer a relevant (but less exciting) topic, 
namely, how these communication dances 
are affected by food scent and taste. 

Lindauer had a knack for noticing some 
anomaly or behavioural quirk that would 
turn out to be important. So, while pursuing 
his assigned topic on how bees tune their 
dancing in relation to the properties of a food 
source (nectar sweetness, abundance and so 
on), he noticed that the bees’ assessment of a 
food source's desirability, as indicated by their 
willingness to advertise the source, depends 
not only on its profitability as an energy 
source, but also on how badly the colony 
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needs the food the bee is providing. 

On cool, cloudy days, when the delivery of 
nectar to the hive was slow, Lindauer’s bees 
would dance for the slightest taste of sugar; by 
contrast, on hot, sunny days, when nectar was 
flowing heavily into the hive, his bees would 
dance only if he made his £eder super sweet. 
How could a forager, working out in the 
fields, keep herself informed of her colony's 
changing needs? Lindauer discovered the 
answer: the speed with which a forager is 
unloaded of nectar tells her whether the 
colony’s need is high (fast unloading) or low 
(slow unloading). These findings proved a 
springboard for numerous studies of how 
‘queuing delays’ are used to control processes 
in animal societies. 

Between 1945 and 1960, Lindauer 
repeatedly demonstrated his ability to detect 
the subtle features that enable coherence 
to emerge from the apparent tumult in a 
beehive. He discovered how individuals stay 
informed of their colony’s labour needs. 
This process rarely involves bee-to-bee 
signalling; instead, each bee is mostly her 
own informant, devoting much time to 
reconnoitring inside the hive. He discovered 
how a colony regulates its water intake 
to avoid dehydration: when the need for 
water increases, any bee that enters the hive 
with a droplet of water receives a stormy 
welcome, with several hive bees eagerly 
taking her water from her, and she is thereby 
inspired to dance and activate additional 
water collectors. And he discovered how 
a honeybee swarm chooses its new home: 
house-hunting bees fly out, locate several 
candidate sites, then return to the swarm 
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where they perform dances to advertise their 
findings to uncommitted house hunters. The 
more highly a site is valued, the more strongly 
it is advertised and the more supporters it 
gains. Eventually, the best site dominates the 
discussion and is occupied. 

While blazing trails in sociobiology in 
his own studies, Lindauer was also solving 
mysteries in behavioural physiology in 
collaboration with von Frisch. Their most 
notable joint project was investigating 
whether bees can calculate, using knowledge 
of the time of day and the Sun’s diurnal 
course, a specific compass direction 
according to the Sun’s position. Von Frisch 
doubted that bees were capable of this. But 
Lindauer persisted, and devised a dever 
experiment for testing the idea: bees were 
trained to find food in one direction (south, 
say) on one afternoon, then were taken 
overnight to an unfamiliar location and 
tested the next morning for the ability to 
orient to the south to find food. Lindauer 
found that they did indeed fly south on the 
morning of the test. 

In 1963, Lindauer accepted a professorship 
at the University of Frankfurt, where 
he attracted a constellation of students 
— including Bert Hélldobler, Eduard 
Linsenmaier, Hubert Markl, Randolf Menzel 
and Riidiger Wehner — who became 
his successors in advancing behavioural 
physiology and sociobiology in Germany. 
Lindauer nurtured his students by giving 
them the freedom to prove their talent, 
providing due praise and encouragement, 
and also guidance in writing clear and 
enjoyable scientific papers. Lindauer left 
Frankfurt in 1973 to take up a professorship 
at the University of Wiirzburg. There he 
devoted himself primarily to administrative 
work until his retirement in 1987. 

In summarizing his work, Lindauer 
published a small volume entitled 
Communication Among Social Bees, based 
on lectures he had delivered at Harvard 
University. In the preface, he expressed 
his pleasure in discovering how “common 
problems and interests within biology [had] 
built new bridges ... that span the wrongs 
of the past”. His life's work leaves us not just 
with a legacy of discoveries, but also with the 
lesson that the study of nature, such as the 
social order of bees, can bring sweetness out 
of chaos. 

Thomas D. Seeley 
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QUANTITATIVE 


GENETICS 


he father of modern quantitative 

genetics, R. A. Fisher, is credited with 

the observation: “Natural selection is a 
mechanism for generating an exceedingly 
high degree of improbability”. The truth in this is 
evident just from looking at evolutionary history — 
the improbable happens all the time. It is made possible 
by large reservoirs of genetic variation, the occurrence 
of mutations, and interactions between genes and 

the environment. Recent revolutions in genomics 
have allowed genetic variation to be described at an 
unprecedented level, pinpointing nucleotide changes 
that directly or indirectly affect phenotype. The result 
is a renaissance in quantitative genetics, particularly 
in the study of complex traits, enabling theories to be 
tested by experiment on a genome-wide scale. 

One now common approach for examining complex 
traits in humans is the genome-wide association 
study, which compares variation across the genomes 
of two groups of individuals and looks for markers 
that are associated more with one group than the 
other, a strategy now being applied to plants and other 
organisms. After the variants linked to a trait have 
been identified by such approaches, the effects of these 
variants on the molecular networks (such as gene 
expression) in a cell or organism can be investigated. 
This Insight highlights progress in teasing apart 
the basis of complex traits in this way, as well as in 
determining the relative contributions of genetics and 
the environment to traits in various organisms, from 
plants to mice to the trio of the malaria parasite, its 
mosquito vector and the human host. 

Genetics has always been a field in which studies in 
one organism are crucial for discoveries in another, 
and we hope that the articles in this Insight inspire 
crosstalk between specialists, as well as entice scientists 
from other fields. We are pleased to acknowledge the 
financial support of Monsanto, which contributed 
towards the distribution of this Insight. As always, 
Nature carries sole responsibility for editorial content 
and peer review. 


Chris Gunter, Consultant Editor 


© 2008 Macmillan Publishers Limited. All rights reserved 


720 


724 


728 


732 


738 


PROGRESS 


Next-generation genetics 
in plants 


M. Nordborg & D. Weigel 


Applying mouse 
complex-trait resources 
to behavioural genetics 


J. Flint & R. Mott 


COMMENTARIES 


Progress and challenges in 
genome-wide association 
studies in humans 


P. Donnelly 


A global network for 
investigating the genomic 
epidemiology of malaria 
The Malaria Genomic 
Epidemiology Network 


REVIEW 


Reverse engineering the 
genotype-phenotype map 
with natural genetic variation 


M. V. Rockman 


nature 


insight 


719 


Next-generation genetics in plants 


Magnus Nordborg' & Detlef Weigel? 


Natural variation presents one of the fundamental challenges of modern biology. Soon, the genome sequences 
of thousands of individuals will be known for each of several species. But how does the genotypic variation that 
will be observed among these individuals translate into phenotypic variation? Plants are in many ways ideal for 
addressing this question, and resources that are unmatched, except in humans, have now been developed. 


When it comes to dissecting complex traits, genetic studies of plants 
have always been at the forefront. Work with cereals provided the first 
demonstrations that segregation at multiple loci could give rise to a con- 
tinuous distribution of phenotypes’, and it was in peas that individual 
quantitative trait locus (QTL) effects were first inferred using mark- 
ers’. Many genes responsible for QTL effects have now been cloned in 
plants, mainly as a result of the persistent application of classical genetic 
techniques. And it is not just the ‘flagship’ of plant biology, Arabidopsis 
thaliana, that has proved useful in such studies. Some of the earliest 
successes came from studying crop plants, such as maize (corn), rice 
and tomato*”. 

The genetic maps of many organisms are now becoming increasingly 
dense, and the cost of genotyping is decreasing. For these reasons, it has 
become almost routine to identify the genes (or QTLs), and even the 
individual nucleotides (QTNs), that cause particular phenotypic effects, 
using a process that starts with linkage mapping (conventional genetic 
mapping based on the idea that the farther apart two linked genes are, 
the more likely a recombination event between them will be) in popula- 
tions derived from crosses between divergent strains. Notably, despite 
the extensive genetic screens for mutants of A. thaliana affecting a wide 
variety of phenotypes, the above approach has enabled plant geneticists 
to identify numerous QTL genes, which were not previously known to 
have an impact on the trait examined (see refs 8-11 for examples). 

High-resolution linkage mapping is slow and labour intensive, however, 
and for all the success stories, there are probably at least as many cases in 
which QTL cloning efforts were abandoned (and therefore not reported 
in the literature) because of difficulty with fine mapping, complex genetic 
architecture and so on. Therefore, there is great interest in developing an 
alternative technique — genome-wide association (GWA) mapping — 
which looks for associations between phenotypes of interest and the DNA 
sequence variants present in an individual's genome, as assessed by deter- 
mining an individual's genotype at the positions of hundreds of thousands 
of single nucleotide polymorphisms (SNPs). GWA studies provide much 
higher resolution than linkage mapping because they involve studying a 
natural population rather than the offspring of crosses, and associations 
in natural populations are typically on a much finer scale because they 
reflect historical recombination events. Here we describe the recent 
progress in realizing the potential of GWA mapping in plants, and we then 
discuss the rapid advances that are expected during the next year or two. 


Considerations for GWA mapping 

Many plants are well suited for GWA studies, in particular species that 
self-fertilize, such as A. thaliana and rice (Oryza sativa), and species 
that can be clonally propagated, such as switchgrass (Panicum virgatum) 
and grape (Vitis vinifera). This is because after lines of these species have 


been densely genotyped or completely sequenced, the plant genetics 
community can analyse an unlimited number of traits in genetically 
identical material. This ability to examine individuals with identical 
genotypes greatly improves statistical power when studying phenotypes 
with complex genetics, especially when the phenotypes are modified 
by the environment. 

With association mapping, however, the structure of the population 
can be a strong confounding factor (discussed later), especially for traits 
that are important in adaptation to the local environment. There are 
statistical solutions to this problem, but it is important to recognize that 
these do not always work and that linkage mapping in controlled crosses 
(which is robust to confounding) is sometimes necessary, perhaps as a 
complement to GWA mapping (Fig. 1). 

Another consideration is that these two mapping techniques — asso- 
ciation mapping and linkage mapping — also differ in terms of how 
the genetic architecture of the trait affects statistical power (Fig. 2). 
The importance of a particular allele in phenotypic variation across a 
population depends on its frequency, as well as on its effect. Thus, GWA 
mapping has low power to detect rare alleles, even if these alleles have a 
large phenotypic effect (Fig. 2c). Conversely, alleles that are identified 
by mapping in crosses between two essentially randomly chosen parents 
can have a large effect but might not be important from an evolutionary 
perspective because they are rare. In other words, mapping QTLs by 
using crosses might bias researchers towards identifying rare (and often 
perhaps deleterious) alleles that have large effects but little relevance to 
most of the phenotypic diversity found in nature. 


Resources for GWA mapping 

The development of reference resources for genomic polymorphism in 
A. thaliana mirrored the progress of the International HapMap Project, 
which identified SNPs in the human population worldwide’*”’, and 
resources are now at a stage similar to those for humans. To build 
these resources, a pilot study was carried out to investigate the basic 
pattern of polymorphism in A. thaliana (that is, the level of variability, 
extent of linkage disequilibrium, and structure of the population): this 
involved direct sequencing of 1,400 loci in 96 individuals". Then, a 
subset of 20 of these individuals was selected for resequencing using 
a high-density microarray’*. The SNPs uncovered by this study’ led to 
the design, in conjunction with Affymetrix, of a genotyping microarray 
with 250,000 probes for the purpose of GWA studies of A. thaliana’’. 
This microarray is now being used to genotype about 1,300 naturally 
inbred lines (see Genomic polymorphism data in Arabidopsis thaliana, 
http://walnut.usc.edu/2010), which will be distributed to the commu- 
nity for extensive phenotyping. The project is likely to be a model for 
analogous projects in other species, including one that is underway to 
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study rice (see the International Rice Functional Genomics Consortium, 
http://irfgc.irri.org). 

As was the case for the International HapMap Project in humans, 
many approaches used for the study of A. thaliana and rice have already 
been rendered obsolete by technical advances. Future efforts to uncover 
SNPs will use next-generation sequencing approaches (such as Ilumina’s 
sequencing technology and Applied Biosystems’s SOLiD System, which 
are already commercially available) rather than the microarray-hybrid- 
ization technology that was used to construct the first-generation haplo- 
type maps of A. thaliana’° and rice, a technology that was more costly and 
less precise than newer approaches and was highly biased. In addition, 
rapidly decreasing costs mean that sophisticated schemes that have been 
used to select the most informative SNPs for genotyping are increasingly 
becoming irrelevant. By the time that researchers had determined that 
140,000 tag SNPs (a subset of informative SNPs) would suffice to cover 
the A. thaliana genome, there was no economic reason not to genotype 
all 250,000 known high-quality SNPs that were not singletons (which 
are SNPs that have been detected only in single individuals and whose 
predictive power for other SNPs is therefore unknown)”®. 


The importance of population structure 

What, therefore, is the prospect of pinpointing individual genes with 
GWA approaches? It is well known that demography affects linkage dis- 
equilibrium. One example is that there is more linkage disequilibrium 
in Europeans than in Africans, reflecting humanity’s African origins’*”’. 
Another is that for wild A. thaliana, linkage disequilibrium is more 
extensive in North America than in Europe, consistent with the plant 
having been introduced into North America only after Europeans set- 
tled there'*’*. In both cases, the probable explanation is that there was 
a bottleneck in colonization, with recombination not yet having had 
enough time to whittle down linkage disequilibrium among the alleles 
present on the limited number of founder chromosomes. 

It is perhaps not as widely recognized that, in the presence of popu- 
lation structure, the genetic architecture of a trait in a sample of indi- 
viduals depends on how the sample was assembled. For example, GWA 
mapping immediately reveals the importance of the gene FRIGIDA in 
the variation in flowering time among A. thaliana strains from the north- 
western parts of continental Europe (where common loss-of-function 
alleles are an important determinant of early flowering) but not from 
central Asia (where no single loss-of-function allele is particularly fre- 
quent”). If variation in a trait is caused by numerous alleles of a single 
gene (as opposed to a small number of frequently occurring alleles), then 
researchers carrying out a GWA scan using global samples run the risk of 
concluding that there is no mgor locus for this trait (Fig. 2). This is esen- 
tially another facet of the problem with population structure that was 
mentioned earlier: the importance of a particular allele always depends 
on the reference population, and it is far from clear which population is 
meaningful from an evolutionary perspective. 

Much attention has been given to population structure being a strong 
confounding factor in association studies, especially for traits that are 
important in local adaptation (such as flowering time in plants or skin 
colour in humans). Studies of maize and A. thaliana'*” have been 
at the forefront of identifying this problem and indicating statistical 
solutions. Application of one of these strategies” has already led to the 
identification of a major locus in maize that controls concentrations of 
provitamin A — an important trait, particularly for people with limited 
access to a diverse diet”. 


Combining association mapping and linkage mapping 

A clear solution to the problem posed by population structure is to com- 
plement GWA studies of natural populations with linkage mapping of 
experimental populations, taking advantage of the increased resolution 
of the former and the robustness to confounding of the latter, a strategy 
that has been successfully applied to A. thaliana''”*. When studying 
human genetics, however, controlled crosses are not possible, so the solu- 
tion is to use the transmission-disequilibrium test (TDT)*, which uses 
the transmission of alleles from parents to offspring to verify linkage. 
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Figure 1| GWA mapping is ineffective if there is strong genetic 
differentiation between subpopulations (that is, if there is structure in the 
population). In this example, two subpopulations of plants are depicted, 
one tall and one short (as illustrated and indicated by the numerical 
measurement), together with a schema of the genotype of each plant. The 
presence of red alleles increases the height of a plant, whereas blue alleles 
decrease the height; one locus has a major effect, and two have a minor 
effect. The many background markers (orange and green) are mostly 
exclusive to a specific subpopulation but are also strongly associated with 
height, even though they are not causal. By crossing the plants (shaded 
area) and generating an experimental population of F, generation or 
recombinant inbred lines, any linkage disequilibrium between background 
markers and causal markers is broken up, and the causal loci can then easily 
be mapped, albeit with relatively poor resolution. 


For maize, by contrast, Ed Buckler and colleagues have pioneered a 
distinct approach, which is called nested association mapping”. GWA 
studies such as those underway in humans and A. thaliana would, at 
least for the next couple of years, be prohibitively expensive in maize, 
because its genome is larger than that of humans, is more polymorphic 
and has less-extensive linkage disequilibrium. Instead, 5,000 recom- 
binant inbred lines (RILs) have been derived from separate crosses of 
a common standard genotype with 25 genetically diverse lines. The 
founder lines will be sequenced, whereas the RILs will be genotyped 
only with sufficient density to identify the ancestral founder at each 
point in the genome, resulting in a haplotype map that is essentially 
complete for each of the 5,000 RILs. Because crossing over during RIL 
formation is limited, such mapping can be accomplished with relatively 
high accuracy by using a moderate number of markers”®. This mapping 
approach is conceptually similar to those applied to a heterogeneous 
stock of laboratory mice” or the Collaborative Cross” (a resource that 
is being generated with the aim of obtaining 1,000 RILs from eight 
standard mouse strains) (see page 724). 

The nested-association-mapping design therefore, in effect, relies on 
the experimental crosses to map genes — without the confounding effects 
of population structure — to only a few, but still relatively large, genomic 
regions. Within these mapping intervals, allele sharing across the founder 
lines is exploited to achieve the resolution of GWA mapping. It is easy to 
see how this strategy could be applied to A. thaliana by the appropriate 
selection of subsets of lines from the many available RIL populations. 
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Figure 2 | The performance of GWA mapping depends strongly on the 
genetic architecture of the trait. Plants are depicted as in Fig. 1. Red alleles 
increase plant height, whereas blue alleles decrease height; one locus has 

a major effect, and two have a minor effect. a, Provided that there is no 
confounding effect of population structure, the major causal locus of a trait 
can easily be mapped by a GWA scan (otherwise an approach such as that in 
Fig. 1 is needed). b, Even if there is a major locus for the trait, the presence 
of many different alleles of the causal gene (multiple colours) makes naive 
GWA scans (such as in a) ineffective. c, GWA scans miss rarely occurring 
alleles that have a large effect (the top locus) but locate common alleles with 
smaller effects (the centre locus). In all three cases (a—c), the causal loci 

can be identified in experimental crosses (shaded areas) by using linkage 
mapping instead of GWA mapping, but alleles identified in this way might 
be rare in the population and therefore not informative for most individuals 
and not representative of the population. 


Future directions 

In the past two years, numerous GWA studies of humans have been 
published”’. Despite the success of these studies, the identified alleles 
typically provide an explanation for only a small proportion of the vari- 
ation in the population”. Similar studies in plants, which can be expected 
to be published in the next two years, will tell the genetics community 
whether alleles with large effects are more common in plants than was 
found in human GWA studies. 

A serious deficiency in the understanding of plant evolution stems 
from the inability to compare the genomes of close relatives. The 
immense value of such studies has been aptly demonstrated in yeasts, 
Caenorhabditis, Drosophila and primates. Comparisons of recently 
diverged genomes allow not only the mapping of conserved genomic 
elements but also the detection of lineage-specific selection or the iden- 
tification of recently introgressed segments from relatives. The last is f 
particular interest in plants, for which interspecific hybrids can often 
give rise to viable offspring. The dosest relative of A. thaliana for which a 
genome sequence is available is papaya, which diverged from A. thaliana 
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70 million years (Myr) ago*’. This lack of appropriate genome sequence 
information is ironic, because for years there has been more information 
about within-species polymorphism in plants than in other non-human 
organisms'*"**, The plant genetics community is therefore excited that 
the sequencing of the genomes of Arabidopsis lyrata and Capsella rubella 
— dose relatives of A. thaliana that diverged only about 5 Myr ago and 
10 Myr ago, respectively — is almost complete. Similarly, sequencing 
the genomes of wild progenitors of rice holds the promise of providing 
important information about the domestication of rice. 

Despite the excitement about studying variation between species and 

etween genera, the most revealing insights are likely to come from 
much more detailed studies of within-species sequence diversity. Until 
recently, such analyses have focused on relatively minor differences 
between individuals, such as SNPs, and small insertions and deletions. It 
has become increasingly clear, however, that individuals, whether maize, 
A. thaliana or humans, can differ by the presence of hundreds of genes 
and by large genomic rearrangements’. 

One such in-depth study of within-species diversity is the recently 
launched ‘1000 Genomes’ project (http://1000genomes.org), which 
seeks to generate a deep catalogue of genetic variation by sequencing the 
genomes of at least 1,000 individuals from around the world, using next- 
generation sequencing technologies. We are advocates of a complemen- 
tary project for A. thaliana: 1001 Genomes (http://1001genomes.org). 
A. thaliana is almost uniquely suited to such an effort, given the advantages 
it offers for analysing population genetics and studying genotype-envi- 
ronment interactions. First, A. thaliana genomes are less than one-twen- 
tieth the size of human genomes and are much less repetitive in structure, 
making them less expensive to sequence and much easier to reassemble 
than human genomes. Second, the genomes of most A. thaliana accessions 
(or strains) are naturally inbred, whereas humans (and most model ani- 
mals) are heterozygous. Therefore, when using a whole-genome shotgun 
strategy to sequence A. thaliana genomes, the problems of determining 
haplotype phase (that is, the arrangement of alleles on homologous chro- 
mosomes) are avoided, greatly simplifying downstream analyses. Last, for 
practical and ethical reasons, it will not be possible to use the individuals of 
the 1000 Genomes project directly in GWA studies, with the exception of 
measuring phenotypes for cell lines detived from samples from the 1,000 
individuals. Instead, the information will need to be used as a resource 
to impute genotypes in other samples. By contrast, an endless supply of 
seeds can be produced for any naturally inbred A. thaliana accession that 
is chosen for genome sequencing. Therefore, any number of plants with an 
identical genotype can be grown for each accession and then phenotyped 
in as many environments as desired. So the sequence information that is 
collected can be used directly in GWA studies at many levels, including 
at the biochemical, metabolic, physiological, morphological and whole- 
plant-fitness levels. 

With the combination of GWA studies and forward-genetic approaches, 
it will finally become possible to bridge the genotype-phenotype divide, 
at least in A. thaliana. And, as similar projects are set up to study other 
species, it will become possible to answer general questions about the 
molecular genetic basis of evolutionary change. a 
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Applying mouse complex-trait resources 
to behavioural genetics 


Jonathan Flint’ & Richard Mott' 


Studies of the genetic basis of behaviour in mice are at a turning point. Soon, new resources will enable the 
behavioural function of all genes to be tested and the networks of genes, messenger RNAs and proteins 
involved in a particular behaviour to be identified. Using these resources, scientists will be able to analyse 
mouse behaviour at an unprecedented level of detail. Interpreting the new data, however, will require a shift 
in focus from gene-based approaches to network-based approaches. 


In the 1990s, technological developments in molecular biology pres- 
ented mouse behavioural geneticists with two new genetic strategies. 
The first strategy was to use targeted mutations to identify genes 
involved in abnormalities in learning and memory". More specifically, 
certain genes were knocked out by the introduction of mutations by 
homologous recombination in mouse embryonic stem cells, and then 
lines of mice were bred from these cells and studied in behavioural 
assays. This approach is powerful but technically complex and expen- 
sive, so its use was limited to investigating the function of cloned genes 
that had already been implicated in behavioural processes. The second 
strategy, the mapping of natural genetic variation that affects mouse 
behaviour, held the promise of establishing the chromosomal location 
of genes involved in almost any measurable behaviour®. Thus, a com- 
bination of these two strategies emerged as an approach for identifying 
the genes involved in mouse behaviour. The idea was that, first, genetic 
association mapping (the latter strategy) would be carried out in crosses 
between inbred mouse strains to determine the approximate location of 
genes that affect a particular behaviour. Then, after further genetic and 
molecular analysis had identified a small number of candidate genes, 
each gene in the region would be knocked out. Behavioural testing of 
gene-knockout mice would be used to determine the behavioural func- 
tion of the deleted gene. And a variant of complementation testing (in 
which the mutant mouse is crossed to inbred strains carrying allelic 
variants at the locus)* could be used to confirm the gene’s role at the 
locus and the behaviour it influenced*. Combining association map- 
ping and gene-knockout technologies therefore seemed to be the way 
forward for understanding the biology of behaviour in mice. 

Progress soon stalled, however — on both sides of the strategy. It 
became evident that the effect of a targeted mutation on behaviour was not 
straightforward. Phenotypes varied according to the genetic background 
of the inbred strain on which the knockout was placed®, and mutations 
affecting behaviour also affected other phenotypes”*. Nevertheless, tar- 
geted mutations became one of the standard tools for behavioural analysis. 
Association mapping met a worse fate. When attempts were made to find 
candidate genes at a region identified by mapping, that single locus fre- 
quently fractionated into numerous smaller loci’. In addition, in some 
cases, evidence emerged that the phenotypic consequences of one locus 
depended on whether a particular allele was present at another locus (a 
phenomenon known as epistasis)’°. Consequently, the identification of 
genes associated with particular behavioural traits has been slow’. 

In this Progress article, we describe the resources and methods that are 
being used for studying the genetic basis of behaviour on a genome-wide 


scale. We then discuss the challenges that confront mouse behavioural 
genetics and explain how new resources (a knockout mouse for every 
gene, and mice designed br high-resolution mapping), together with new 
methods (such as network analysis of transcripts), are being mobilized 
to tackle these issues. We argue that using these new resources for the 
analysis of complex traits necessitates a shift in focus away from individual 
genes and towards networks of genetic and molecular interactions. 


Methods and resources available now 

Three additional strategies are available to find the genes involved in 
mouse behaviour, complementing the now classic methods of mapping 
and gene-knockout analyses: these are mutagenesis, in silico mapping and 
transcriptome analysis. We outline these approaches and then consider 
why they have not yet had a major impact on gene discovery. 

First, on the assumption that the effect of mutations on behaviour can be 
large, a mutagenic compound, N-ethyl-N-nitrosourea (ENU), can be used 
to induce mutations in mice, a strategy that has successfully been used to 
analyse Drosophila melanogaster behaviour’. It was hoped that it 
would prove easy to identify mutations by screening small pedigrees for 
abnormal behaviour. These mutations would then be cloned, thereby 
revealing the identity of the affected genes”. Mutagenesis has worked 
for identifying genes that affect circadian rhythm”, but it has not been 
as successful for other behaviours, mainly because the changes in a 
mutant animal are too subtle to be easily detected in the small pedigrees 
that are routinely screened. 

Second, a computational method can be used to predict the genes 
associated with particular mouse behaviours, on the basis of DNA 
sequence variation between inbred laboratory strains and the known 
behavioural phenotypes of these mice’*. Most inbred mouse strains 
originated from a limited population of mice in just a few laboratories, 
and alignment of the genomic sequences shows that the genomes of 
these mice are mosaics, with most segments derived from only a few 
sources'’. This mosaicism can be exploited to carry out the equivalent of 
a genome-wide association study using published genotypes and pheno- 
types of inbred strains (thus the method can be carried out without 
genotyping and is known asin silico mapping). This method has proved 
effective for localizing large genetic effects but not, so far, for identifying 
the small effects that characterize behavioural genes. This is because 
genetic relatedness between the genomes of inbred mouse strains makes 
the method difficult to apply’*. 

Third, combining genetic data with transcript (or gene-expression) data 
has been proposed as a way to find genes in cases in which behavioural 
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variation results from transcript abundance”. Identifying loci that cause 
both transcript variation and phenotypic variation can help to find the 
genes responsible, a strategy that has paid off in studies of several com- 
plex diseases’*. Rather than seeking to identify the sequence variants that 
underlie phenotypic variation, correlations between variations in transcript 
abundance can be used to identify gene-expression networks that, when 
perturbed by the variation at susceptibility loci, contribute to phenotypic 
variation’. However, so far, the approach has had limited application”. 

Why have these approaches not been productive? The single biggest 
factor preventing the identification of genes that affect behaviour is prob- 
ably that, as mentioned earlier, each sequence polymorphism contributes 
only a small anount to behavioural variation, even when a polymorphism 
results in the inactivation of a gene. And, in this respect, behaviour as a 
phenotype is no different from other phenotypes (Box 1). The extent to 
which a particular locus contributes to behaviour is typically reported as 
effect size — that is, the percentage of phenotypic variation that is attribu- 
table to allelic variation at a locus. The effect sizes of naturally occurring 
variants depend on the frequency with which these alleles occur in the 
population and therefore on the population in which they are mapped. 
These effect sizes are usually small. For example, in a cross between two 
inbred mouse strains, a detectable locus contributes to about 5% of the 
variation in a behavioural phenotype”. By contrast, in a complex quasi- 
outbred stock known as the heterogeneous stock (HS, which was derived 
from eight inbred mouse strains that were crossbred for about 60 gener- 
ations), a locus contributes to about 3% of the behavioural variation”. 
And, in a fully outbred population, the effect size of a particular locus 
might account for much less than 1% of the phenotypic variation (the 
contribution attributable to each locus will be less because the mice have 
more genetic variability than the quasi-outbred stock). 

It is less widely recognized that knocking out a gene also has a rela- 
tively small impact on behaviour. As far as we know, no one has meas- 
ured the effect on behaviour of a gene knockout segregating in a cuss, 
but this effect can be estimated from reported means and standard 
deviations of behavioural parameters for gene-knockout mice and wild- 
type mice. For example, using data published on the phenotypic effect of 
knocking out Crhr2 (which encodes corticotropin-releasing hormone 
receptor 2)”, the knocked-out allele accounts for about 10% of the total 
phenotypic variation. This is only twice the effect size that would be 
expected for a naturally occurring sequence variant and almost cer- 
tainly explains why it has been difficult to identify genes that affect 
behaviour by using the strategy of ENU-induced mutagenesis™. 


Box 1| The genetic architecture of behaviour 


T TT 1 T TT T T 1 
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Effect size 
(% phenotypic variation) 


Effect size 

(% phenotypic variation) 
It is now known that, from a genetic perspective, there is nothing special 
about behaviour, at least in mice. Quantitative trait loci (QTLs) have 
been mapped in heterogeneous stock (HS) mice, the only resource for 
which high-resolution association mapping has been carried out for 
multiple phenotypes”. For 97 phenotypes, 843 QTLs were mapped. The 
effect sizes are shown for 187 behavioural QTLs (see figure, panel a) and 
656 non-behavioural QTLs (panel b), with effect size plotted against 
density (the proportion of QTLs displaying that effect size). These two 
groups of QTLs are almost identical in terms of the distribution of their 
effect sizes, contradicting the view that the genetic analysis of behaviour 
would be much easier if phenotypic assays for behaviour could be 
improved or if the phenotypes under study were more genetically 
tractable (for example, if components of complex behavioural 
phenotypes, sometimes called endophenotypes, were studied). 


Table 1 | Phenotypes of gene-knockout mice from Lexicon and Deltagen 
Phenotype studied 


Total number of 
strains tested 


Number of strains 
with an abnormal 


Percentage of strains 
with an abnormal 


phenotype phenotype 
Open-field activity 39) 19 206 
Albumin 18 7 254 
Alkaline phosphatase 18 254 
Bloodureanitrogen 23 254 
Calcium 16 6 254 
Cholesterol 26 10 254 
Glucose 10 4 254 
Haemoglobin a 5) 243 
Leukocytes Is 6 243 
Phosphorus 18 7 254 
Platelets 14 6 243 
Triacylglycerols W W 254 
A survey of about 250 targeted knockouts generated by two private companies (Lexicon 
Pharmaceuticals and Deltagen) is shown. Data were obtained from the Mouse Genome Informatics 
database (http://www. informatics.jax.org/external/ko). The phenotype of each gene-knockout mouse 
was compared with that of wild-type mice, and the number, and the percentage of the total number, of 


gene-knockout strains that showed a significant difference (P<0.05 in a t-test) from wild-type mice is 
indicated. Complete phenotypic information was not available for all mice, so the total number of mutant 
mice tested varies between phenotypes. 


New resources 

In the next few years, several new resources are going to be placed into the 
hands of mouse geneticists, helping to surmount these challenges. Sur- 
prisingly, two of these are a reprise of the classic duo: mutants (a complete 
set of gene knockouts) and mapping (a large set of inbred strains known 
as the Collaborative Cross). 

Knockouts will be made available through the International Mouse 
Knockout Consortium, which was launched in 2007. As part of this con- 
sortium, researchers involved in four programmes are collaborating to 
mutate all protein-coding genes in mice, using a combination of gene 
trapping (a way of introducing insertional mutations across the mouse 
genome) and gene targeting in mouse embryonic stem cells”. The plan 
is to generate knockouts of all protein-coding genes by 2010. In addition, 
transposon-based resources are on the horizon”: mutants will be generated 
by inserting a known sequence so that, unlike for ENU-induced mutants, 
the mutated genes can be identified without positional cloning. 

The availability of a gene-knockout mouse corresponding to every 
protein-coding gene in the genome opens up the possibility of measur- 
ing the behavioural phenotype of all of these mouse strains. A glimpse 
of what this might uncover comes from phenotypic data obtained from 
about 250 gene-knockout strains that were acquired by the National Insti- 
tutes of Health from two companies (Lexicon Pharmaceuticals and Del- 
tagen) and now form part of several public repositories; the phenotypic 
data are available from the Mouse Genome Informatics database (http:// 
www.informatics.jax.org/external/ko). Although these strains are not an 
unbiased selection of mutants, data from these mice are valuable because 
this is the only instance in which a large number of gene-knockout mice 
have been subjected to a broad range of measurements. Table 1 shows the 
percentage of mice with fear-related behaviour (activity in an open-field 
arena) and the percentage of mice with biochemical and haematologi- 
cal abnormalities. Almost 20% of the mouse strains showed a significant 
change in behavioural phenotype compared with littermate controls. 

On the one hand, finding a behavioural phenotype in such a large 
proportion of the gene-knockout mice suggests that phenotyping all 
available mutants would be productive, even if the effects of mutations 
on open-field activity phenotype arise from outside the central nerv- 
ous system and therefore indicate little about the biology of fear-related 
behaviour. Indeed, this finding suggests that a systematic gene-knockout 
programme could supersede association mapping strategies as a way of 
finding the genes that are involved in behaviour. One argument against a 
systematic gene-knockout programme, however, is the cost: about 20,000 
mouse lines would need to be generated, and then multiple animals from 
each line would need to be tested for each behaviour of interest. Even 
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Figure 1| Genetic dissection of behaviour. Strategies based on gene 
knockouts (KO; left panel) and population-based genetics (right panel) are 
shown. The various mouse stocks available as resources for population- 
based studies include outbred mice, Collaborative Cross (CC) mice and 
heterogeneous stock (HS) mice. Various types of experiment are common 

to both approaches; the two experiments depicted are behavioural assays 
and gene-expression assays. Each pairing of experiment and resource needs 
to be analysed in a specific way, and the data can then be integrated ina 
network analysis. A typical genome of each resource is depicted (top) by 

a pair of chromosomes, coloured to indicate the degree of mosaicism in 
terms of standard laboratory strains. A KO mouse genome (left) contains a 
single genetic alteration (black), usually on a fixed wild-type (WT) genetic 
background (blue). Crossing a non-recessive KO mouse with a CC strain (KO 
x CC) produces mice suited for mapping genetic modifiers of the knocked- 
out gene. In terms of gene expression (black plots), the relative abundance of 
many thousands of transcripts is measured in a tissue relevant to behaviour 
(such as the hippocampus). Using the KO mouse strategy, transcripts present 
at significantly different levels in KO mice and WT mice are implicated 
(data for three transcripts are shown). Using the population-based strategy, 
gene expression is assayed across the genome for a group of mice from each 
resource (representing the population), and the regions where differences 
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in DNA sequence correlate with differences in gene expression (known as 
expression quantitative trait loci, eQTLs) are mapped (one is shown per plot). 
In terms of behaviour (red plots), using the KO strategy, a gene is implicated 
if there are significant differences in the behavioural parameter between KO 
mice and WT mice. Using the population-based strategy, the population-wide 
variation in behaviour between mice is studied and used to map the genetic 
loci where sequence differences and behavioural differences are correlated 
(red plot shows two QTLs). Both types of strategy produce data that can 

be viewed as genetic network analyses. For population-based studies, the 
abundances of certain transcripts are first correlated (depicted as the plot of 
coloured squares, with the strength of the correlation reflected by the colour 
intensity from yellow to red and with correlations for ten transcripts shown). 
Then, the stronger correlations can be used to define a gene network, into 
which data about the behavioural trait can be embedded to identify genes 
whose expression correlates with the phenotype (lines are drawn between 
correlated transcripts (blue), and transcripts whose abundance correlates 
with behavioural variation are linked to the behaviour node (red)). In KO 
studies, the network is simpler, comprising the phenotypes and the genes 
with significant changes in expression. In either case, the network can be 
annotated further: for example, by labelling transcript nodes with eQTLs 
that co-localize with the behavioural QTLs. 


© 2008 Macmillan Publishers Limited. All rights reserved 


maintaining such a large population of mice would be challenging, but 
it is likely to be feasible if the economies of scale are sufficient. 

On the other hand, implicating 20% of the genes in the genome in fear- 
related behaviour might not be useful. Even if only 5% of these genes are 
shown to affect the central nervous system, it is undear how enlightening 
it will be to have identified these genes. As an example, about a decade 
ago, Joshua Sanes and Jeff Lichtman observed that about 100 genes had 
been implicated in long-term potentiation”, a cellular phenomenon that 
is thought to underlie memory processes in the hippocampus. Yet despite 
the knowledge that these 100 genes are involved, an accepted molecular 
explanation of long-term potentiation has not emerged. It has become dear 
that explaining the way in which many, apparently unrelated, molecules 
are involved in a complex phenomenon is difficult when following the 
causal model that researchers adopted from biochemical genetics: that is, 
that genes encode molecules that interact in linear pathways. A systematic 
gene-knockout project for investigating the effects of genes on behaviour 
provides information about one gene at a time. This approach is likely to 
be inefficient at working out how behaviour arises from an individual's 
genetic make-up, partly because it needs to proceed gene by gene and partly 
because interactions between genes might be an important contributor. 

For this reason, it will be valuable to have a systems-biology resource 
to correlate behavioural variation with variation in sequence, together 
with variation in transcript, protein and metabolite abundance (Fig. 1). 
Genome-wide studies of interactions between genes™ and between pro- 
teins” in single-celled organisms (yeast) have already proved that it is 
possible to identify structure within complex biological networks. Similar 
approaches are possible in mice’””*. For example, analysis of the proteins 
that interact with just one synaptic component (the NMDA receptor) in 
the mouse brain has shown the potential of this approach for identifying 
key molecules in the biology of learning and memory”'. 

Data on gene, transcript and protein interactions might one day become 
available by assaying knockout mice corresponding to each protein-coding 
gene, but it will be more efficient to obtain this information by studying a 
large set of recombinant inbred strains. One such group of strains is being 
developed: known as the Collaborative Cross”, it will consist of 1,000 
mouse strains descended from 8 genetically diverse founder strains, and 
the new strains are due to be fully inbred by 2012. The donal nature of the 
Collaborative Cross strains means that multiple assays will be able to be 
carried out on each genome; for example, it will be possible to determine 
transcript abundance in every tissue at every stage of development, as 
well as to study the effects of multiple environmental interventions. In 
addition, the first-generation progeny of Collaborative Cross strains will 
form a set of mouse strains with hundreds of thousands of reproducible 
heterozygous genotypes. 

There is one drawback to the Collaborative Cross, however: it will 
not deliver gene-level resolution®. Association mapping data could be 
obtained at a very high level of resolution by using wild mice”, but because 
of the genetic structure of this outbred population, similar to an outbred 
human population, tens of thousands of individuals would need to be ana- 
lysed in order to uncover how the genes were influencing behaviour”. 

One untapped resource that might help to solve the problem of res- 
olution is commercially available outbred populations. Some of these 
populations have been maintained in very large colonies for many gen- 
erations and have a density of accumulated recombination similar to that 
in human populations. These populations are not as genetically diverse 
as completely wild populations, and a few hundred animals can be used 
for association mapping at single-gene resolution’. Furthermore, the 
Collaborative Cross itself could be used to generate an outbred cross, 
delivering a higher-resolution mapping resource to complement the 
large set of reproducible genotypes. 


Perspective 

Finding the genes that are involved in behaviour remains a challenging 
endeavour, although it is about to become easier. But even complete lists 
of genes that affect behaviour, and knowledge of the exact molecular 
changes that give rise to behaviour, will not lead to an understanding of 
how behaviour emerges from the biological ‘substrate’ For this, researchers 


will need to investigate behaviour at multiple levels (at the level of the 
gene, the transcript and the protein), which will be made possible by 
the resources discussed here. These complex-trait resources will provide 
an unparalleled opportunity to pull apart the biology of behaviour. | 
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Progress and challenges in genome-wide 
association studies in humans 


Peter Donnelly 


After more than a decade of hope and hype, researchers are finally making inroads into understanding the 
genetic basis of many common human diseases. The use of genome-wide association studies has broken 
the logjam, enabling genetic variants at specific loci to be associated with particular diseases. Genetic 
association data are now providing new routes to understanding the aetiology of disease, as well as new 
footholds on the long and difficult path to better treatment and disease prevention. 


Genome-wide association (GWA) studies look for associations between 
DNA sequence variants and phenotypes of interest. They do so by 
studying individuals with different phenotypes (for example, affected 
or not affected by a common complex disease) and determining their 
genotype at the positions of hundreds of thousands of single nucleotide 
polymorphisms (SNPs). SNPs for which one variant is statistically more 
common in individuals belonging to one phenotypic group are then 
reported as being associated with the phenotype. A subsequent experi- 
ment would seek to confirm the association by examining whether the 
original results are replicated in a new sample of individuals. 

More than 300 replicated associations have now been reported for 
more than 70 common diseases, conditions and biological measurements 
as a result of GWA studies (see the National Human Genome Research 
Institute catalogue of published GWA studies, http://www.genome.gov/ 
gwastudies). As an example, there are now more than 30 loci known to 
be associated with the autoimmune disease Crohn's disease’, almost 20 
loci associated with type 2 diabetes’ and more than 40 loci associated 
with height*”. Just two years ago, the corresponding numbers were two, 
three and zero, respectively. 

Ina GWA study, the ability to detect an association at a particular SNP 
decreases with the frequency of the less common variant at that SNP. Thus, 
studies have so far been better powered to detect associations with more 
common variants, and this is reflected in their findings, with few of the 
reported associations involving rare variants. Another common feature 
of variants found in GWA studies is that their effect on disease risk is 
small: typically, each additional copy of the variant increases disease risk 
by 10-30%. 

With a few exceptions, details of the functional mechanisms respon- 
sible for the association signals are not yet known. Nonetheless, there 
have been some exciting insights into disease processes, as well as tanta- 
lizing glimpses of unsuspected overlaps between disease loci*® (Box 1). 
Strikingly, most of the loci identified so far did not feature on lists of 
candidates for genes involved in the disease in question. 

Yet the findings so far are just the tip of the iceberg. It is dear that more 
extensive analyses, follow-up studies and meta-analyses of published 
studies will uncover more associated variants. In addition, many new 
GWA studies are planned or are underway. For example, the Wellcome 
Trust (a major charity that funds medical research in the United King- 
dom) has committed more than £30 million ($45 million) to studies of 
DNA samples from 120,000 individuals across 27 phenotypes and has 
just issued a call Hr further grant applications in this area. Given the level 
of investment in these studies, and the extent of their success so far, it 
is important to examine the challenges that lie ahead for researchers in 
better understanding and using the findings from GWA studies. 


728 


Challenges 

One challenge for the next wave of GWA studies arises because compa- 
nies that provide high-throughput genotyping on a contract basis have 
brought GWA studies within the reach of clinical research groups. To 
begin a GWA study, all that is needed is DNA from a large sample of 
patients (appropriate control genotypes might already be publicly avail- 
able) and a successful grant application. There is no need to have a geno- 
typing kit or expertise in genomics or data analysis. But there is a crucial 
caveat: good quality control is essential, because there are myriad artefacts 
that might easily be mistaken for real genetic effects. The success of GWA 
studies in providing results that are reliable and able to be replicated owes 
a great deal to the careful attention paid to quality control in the early 
studies, and it is to be hoped that this tradition is not lost as the approach 
is applied much more widely. 

In another sense though, researchers had it too easy in the early GWA 
studies. A typical outcome of these studies was one or several ‘hits’ 
with very strong statistical support. The next natural step was to assess 
whether these associations held for other samples, and these replication 
studies were also often successful. It is now clear, however, that ‘true’ 
associations also lurk much lower down a ranked list of hits. For some 
diseases, researchers have now worked down the list as far as some of 
these lower-ranked associations, often after carrying out meta-analyses 
and extensive follow-up studies. But now might be the time for a change 
of approach. Instead of initially following up only the top few hits, it 
seems more efficient to take advantage of economies of scale in geno- 
typing and undertake a single experiment to follow up many of the top 
hits (for example, 1,536, a naural quantum for one common platform, or 
even 5,000-10,000) in large replication samples, as was secently reported 
for a GWA study of coeliac disease’. The size of the initial study is still 
important though, because true positive hits will tend to be higher up 
the list of putative associations in a large initial study and therefore are 
more likely to be followed up in replication studies. Furthermore, large 
initial studies, in contrast to some multiphase study designs, also provide 
a powerful resource for meta-analyses. 

The associations uncovered by GWA studies (and confirmed by appro- 
priate replication studies) are between sets of SNPs in small genomic 
regions (typically 50-250 kilobases, but in some cases more than 1 mega- 
base) and phenotypic variation. So another point to consider is that the 
disease-associated SNPs that have been uncovered so far are unlikely to 
be the functional variants. Instead, they act as proxies, or sentinels, for 
the true disease variant(s). Because of their shared evolutionary history, 
alleles at nearby SNPs on the same human chromosome are often cor- 
related: chromosomes that carry an # allele at one SNP might often carry 
a C allele at a nearby SNP, and so on. This phenomenon, known as linkage 
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disequilibrium, means that it is not essential to type the actual causal vari- 
ant in an association study. Genotypes at the SNPs assayed in the study will 
often be correlated with those at the causal variant(s), and, provided that 
the study is large enough, there will still be an association signal at these 
correlated SNPs (or proxies). Therefore, one of the major challenges now 
is to ‘drill down into the associated regions to define the causal variants 
and to uncover how they contribute to disease. 

One natural follow-on strategy, fine mapping, involves genotyping at 
the positions of many more SNPs in the associated region than in the 
original GWA study, and in large numbers of individuals with and without 
the disease of interest (cases and controls). If a causal SNP is genotyped 
in the fine mapping, its association signal should be stronger than that of 
many of the other SNPs that are genotyped. Ideally, fine mapping would 
involve genotyping as many of the correlated SNPs as possible in the 
associated region. Therefore, before fine mapping is carried out, it might 
be profitable to resequence the associated region in a set of cases and 
controls, in order to identify much of the SNP variation that is present, 
although the rapidly increasing catalogue of known variation (being put 
together by the 1000 Genomes Project, http://www.1000genomes.org) 
is reducing the need for targeted resequencing, at least in controls. Few 
such fine-mapping experiments of associated regions have been pub- 
lished, and there are important open questions about the best design 
for such studies. No genotyping experiment will be able to distinguish 
between a causal SNP and other SNPs that are perfectly correlated with 
this SNP. Therefore, even when it is successful, fine mapping is unlikely to 
point to just one potentially causal SNP and, instead, will typically narrow 
researchers’ attention to a set of such SNPs, which would then need to be 
studied in functional assays. 

This stage will be difficult. The familiar paradigm from the many 
Mendelian human diseases whose genetics is now understood is that 
the functional mutations act through truncating or altering gene prod- 
ucts. This is also typical of the relatively few known examples of rare 
mutations with large or intermediate effects on susceptibility to com- 
mon human diseases. By contrast, there is growing evidence that a size- 
able proportion, perhaps most, of the functional variants that underlie 
associations in GWA studies exert their effects through gene regulation 
rather than changing gene products. For example, several associated 
regions found in GWA studies do not contain any known genes. In 
terms of appropriate functional studies for assessing GWA findings, 
the extent to which familiar paradigms developed in model systems 
for Mendelian conditions, such as gene knockouts, will be useful for 
understanding the more subtle landscape of regulatory changes emer- 
ging from GWA studies is unclear at present. This adds to the pressing 
demand for progress towards a deeper understanding of the vast regu- 
latory regions within genomes, as well as for tools in model systems that 
will aid in this effort. 

An alternative way to follow up GWA findings is not to search for the 
variant responsible for the association signal but, instead, to borrow a 
strategy from Mendelian genetics and screen the genes in the associated 
regions for rare mutations. If mutations in such a gene occur statistically 
more frequently in the cases than in the controls, this could implicate the 
gene in the disease process, regardless of whether it is responsible for the 
original association signal. Like fine mapping, there are open questions 
about the design and efficacy of this approach. 


Predicting risk 
In addition to increasing the understanding of disease pathophysiology 
and aetiology, findings from GWA studies might also allow predictions 
of an individual’s risk of developing a disease to be refined. However, 
although it seems inevitable that genetic information will be used 
routinely as part of many aspects of medical care in the medium term, 
there is still much that is unknown about how to apply this information. 
One issue is that the risks associated with the presence of a causal 
variant in a known region of association are unclear, and are likely to 
be underestimated at present, because most causal variants have not 
been identified. At present, risk is assessed by assaying an individual’s 
genotype at the position of the proxy SNP uncovered by GWA analysis. 


Box 1| Tantalizing glimpses of new biology 


Much remains to be understood about the causal mechanisms 
underlying findings from GWA studies, but these findings have already 
indicated pathways that might be involved in disease susceptibility. In 
addition, intriguingly, it turns out that diseases that differ markedly can 
share susceptibility loci. 

Several examples of new insights into disease-susceptibility 
pathways are described here. First, in breast cancer, the well-known 
genes BRCAI (breast cancer 1) and BRCA2 harbour variants with large 
effects on disease susceptibility, and these have a role in DNA-repair 
pathways, as do several of the genes that were recently discovered 
to harbour variants with moderate effects. By contrast, several of 
the breast-cancer variants discovered in GWA studies might lead 
to the activation of growth-promoting genes’, although this is still 
speculation because the causal variants have not yet been identified. 

Second, many variants conferring susceptibility to type 2 diabetes are 
in loci containing genes that exert their effects by reducing the function 
or mass of 6-cells (which produce insulin in the pancreas), a finding that 
helps to address long-standing controversies about the mechanisms 
involved in the pathogenesis of type 2 diabetes'*”, 

Last, in studies of Crohn's disease, findings from GWA studies point 
to autophagy (the process by which cells digest portions of their own 
cytoplasm) and innate immune mechanisms as being important in 
disease aetiology’. 

There are also interesting, and in some cases provocative, patterns 
in the overlap of associated loci between diseases. For example, 
one region of chromosome 8q?4 contains several independent loci 
associated with prostate cancer, including one that also confers the risk 
of developing colon cancer, as well as a nearby (apparently separate) 
breast-cancer-associated locus. It is unclear whether these loci all 
confer susceptibility to cancer through a common mechanism, and it is 
not known which genes are involved, although the nearest gene is the 
well-known oncogene MYC”. 

In addition, researchers are uncovering an increasing number of loci 
associated with more than one autoimmune disease (and these are 
outside the major histocompatibility complex, a key region whose 
variation has long been known to confer susceptibility to multiple 
autoimmune diseases). But the patterns of overlap are not simple. For 
example, at one locus, a certain allele confers the risk of developing both 
Crohn's disease and type 1 diabetes, whereas at another locus, an allele 
confers type 1 diabetes risk but protects against Crohn's disease’. 

Arguably, one of the most interesting findings from GWA studies 
is a120-kilobase region of chromosome 9 that is associated with 
coronary artery disease’. The mechanism by which this region 
contributes to disease is unknown, but the two genes that map 
closest to the association signal — CDKN2A (which encodes p16; 
also known as INK4A) and CDKN2B (which encodes p15; also known 
as INK4B) — are involved in regulation of the cell cycle. These genes 
had not previously been suggested as candidates for susceptibility to 
cardiovascular disease, but they have long been known to have a role 
in various cancers. To add to the intrigue, other variants in this region of 
chromosome 9 are associated with type 2 diabetes’*™. 

Another unexpected overlap involves two loci associated with both 
type 2 diabetes and prostate cancer. One locus contains the gene TCF2 
(transcription factor 2, also known as HNF1B), a variant of which confers 
risk of developing prostate cancer but provides protection against 
type 2 diabetes. By contrast, in the other locus (containing JAZF1, which 
encodes a zing-finger protein), the risk alleles for these two diseases 
seem to be distinct?””°. 


Because this is a noisy measure of the genotype at the position of the 
causal SNP, an individual’s risk of disease is typically underestimated. 
For the same reason, the statistical power to determine the correct dis- 
ease model, for example whether the effect is recessive or dominant, is 
low unless the true variants, or variants highly correlated with them, 
are known. Thus, as more causal variants are identified, the estimates 
of disease risk will tend to increase, and the effectiveness with which 
estimates of risk can be combined (for each of several variants at one 
locus or across more than one locus) will also increase. 
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Recent progress has been made in mapping the DNA sequences associated with disease but, like the early world maps, many crucial details remain unclear. 


It is also unclear how to combine these new genetic risk factors with 
known environmental risk factors. For example, given his particular 
genotype at each of several cardiovascular-disease-associated loci, 
what is the risk that a male of 55 years of age who has smoked for 
20 years will develop this type of disease? And how does the efficacy 
of different treatment regimens vary among individuals with different 
sets of genetic variants? To answer each type of question will require 
large and expensive studies: prospective cohorts will need b be studied 
to understand the interplay between environmental risk factors and 
genetic risk factors, and dinical trials will need be carried out (using 
large amounts of genotyping data) to assess how genetic information 
should be used when choosing treatments. The sooner such studies 
begin, the better. 

The potential for an improved assessment of disease risk has led to 
several companies offering ‘personal genomics, or consumer genomics, 
services. These companies assay an individual’s genome at the position 
of 500,000-1,000,000 SNPs and provide estimates of disease risk based 
on known genetic risk factors. It is crucial that such services are carried 
out responsibly, reliably and to a high scientific standard. In addition, 
care needs to be taken to ensure that the customers understand what 
they will, and will not, get for their money, and the customers must be 
given help to understand how to interpret the results. My instincts are to 
welcome, rather than to fear, the public interest being generated by per- 
sonal genomics. Nevertheless, whether prompted by these developments 
or by an increased use of genomics in routine medical practice, health- 
care professionals urgently need improved education about genetics. 
In addition, much broader educational challenges, among others, 
will also occur when genetic data flow beyond the medical domain 
into legal and social domains, and into studies of non-biomedical and 
psycho ocial phenotypes. 
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It is well understood that information about genetic markers gives 
researchers only a moderate ability to predict whether an individual 
will develop a particular disease. But personal genomics can be looked 
at from another perspective. For a particular disease, most individuals 
will have inherited some sequence variants that confer risk and some 
variants that provide protection, and they will therefore have an overall 
risk around the average. A small proportion of people, however, will 
have inherited mainly variants that confer risk of developing the disease. 
Using Crohn's disease as an example, if reasonably conservative assump- 
tions are made about the underestimation of disease risk, and if the 
simplest multiplicative-risk disease model is assumed, then the top 5% 
of the UK population in terms of Crohn’s-disease-associated loci have 
a 5-8-fold higher risk than average of developing the disease, whereas 
the top 1% have a 9-15-fold higher risk. The analogous figures based 
on the published loci for susceptibility to type 2 diabetes are a 2-3-fold 
increase for the top 5% and a ~4-fold increase for the top 1% (C. Spencer 
and E. Hechter, personal communication). 

Across 50 diseases, making the simplifying assumption that sus- 
ceptibility to each disease is independent of susceptibility to every 
other disease, almost everyone will be in the top 5% of risk for at least 
one disease, and nearly half of all people will be in the top 1% for at 
least one disease. So, for example, I will be at particularly high risk of 
developing some diseases because of common variants that I inherited. 
At present, it is unclear which diseases these are, but with the advent 
of personal genomics, I can find out. If I am unaware, I cannot be sure 
whether any changes I make — sudh as altering my lifestyle, undergoing 
screening or receiving other interventions — are warranted because 
of a specific genetic predisposition to disease. Given that it is possible 
to reduce the risk of developing certain diseases, I can see the value of 
knowing about the genetic risks now. It should be noted that family 
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history will continue to be an important risk factor for disease, although 
it is unclear to what extent the variants that contribute substantially to 
familial risk (which are likely to include rarer variants with larger effects 
on risk than those uncovered by GWA studies) overlap with those that 
are assessed in personal genomics services. 


The road ahead 

Some of the mysteries of the human genome are now being unlocked, 
but many puzzles remain to be solved. The success of GWA studies in 
identifying sequence variants associated with disease has been striking, 
with the pace and extent of the findings well beyond that of even the 
most optimistic predictions from just a few years ago. Moving beyond 
these initial steps will be hard work, however. 

Despite the progress made so far, some disenchantment with 
GWA studies has arisen recently. It might be that the ease with which 
these studies yielded associations has resulted in their findings being 
devalued: human nature particularly values hard-fought victories. The 
growing power of next-generation sequencing technologies also makes 
the genotyping platforms that underpin GWA studies seem less cut- 
ting edge. And, despite the plethora of findings from GWA studies, it is 
becoming clear that these results fail to explain much of the heritability 
of the diseases being studied’. 

But it would be a mistake to write off the findings from GWA stud- 
ies, or the approach itself, too quickly. Progress towards finding the 
causal variants will undoubtedly increase the amount of heritability 
that can be explained. And regardless of their effect on disease risk, 
associated loci can yield, and are already yielding, important insights 
into disease aetiology, as well as potential drug targets. It is also naive to 
think that many of the challenges in interpreting GWA study findings 
would disappear if complete sequence data were available. As just one 
example, homing in on the causal variant after a GWA study is difficult 
because of the correlations between nearby SNPs, which result from 
linkage disequilibrium. This will be just as difficult with resequencing 
data, for the same reason. In any event, although sequencing costs are 
decreasing rapidly, it will be some years before it becomes feasible to 
collect genome-wide sequence data for the number of samples studied 
in successful GWA analyses. 

Parallel studies aimed at explaining the missing heritability — 
through investigating the role of rare variants, of variation in the copy 
number of particular sequences, or of epigenetic effects — are also vital. 
There is a lag and challenging road ahead to improving human health, 


but the rewards will be great. Although the pace of future discovery is 
unlikely to match that of the past few years, this might still be seen @ the 
time when the tide turned in understanding the genetics of common 
human diseases. | 
Peter Donnelly is director of the Wellcome Trust Centre for Human Genetics, 
University of Oxford, Roosevelt Drive, Oxford OX3 7BN, UK. 
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A global network for investigating the 
genomic epidemiology of malaria 


The Malaria Genomic Epidemiology Network* 


Large-scale studies of genomic variation could assist efforts to eliminate malaria. But there are scientific, 
ethical and practical challenges to carrying out such studies in developing countries, where the burden of 
disease is greatest. The Malaria Genomic Epidemiology Network (MalariaGEN) is now working to overcome 
these obstacles, using a consortial approach that brings together researchers from 21 countries. 


Each year, malaria kills about 1 million children and causes debilit- 
ating illness in more than 500 million people’. Underlying this mas- 
sive global health problem is a remarkable biological phenomenon, 
the co-evolution of three eukaryotic genomes” ” (Table 1). The disease 
is caused by single-celled parasites of the genus Plasmodium, which 
invade, and reproduce in, human erythrocytes. The parasites are then 
transmitted from one person to another by blood-sucking mosquitoes 
of the genus Anopheles. 

The evolutionary ‘arms race’ between the parasite, its vector and the 
human host is central to the problem of controlling disease. Plasmodium 
populations are continually evolving to resist antimalarial drugs and 
have sophisticated genetic mechanisms of evading the human immune 
system, presenting a major problem for the development of a vaccine 
against malaria®”’°. Anopheles populations are likewise evolving to 
resist the insecticides that are used to control malaria, but they also 
have genetic defences against the parasite that might provide clues to 
new control strategies'"’*. Malaria has also been a strong force for recent 
evolutionary selection in the human genome””’, and uncovering all of 
the human genetic factors that confer resistance to malaria would pro- 
vide clues to the molecular basis of protective immunity that would be 
invaluable for vaccine developers. 

The genetic basis of human resistance to malaria can now be investi- 
gated systematically at the level of the whole genome, by using genome- 
wide association (GWA) analysis. In a typical GWA study, the genotype 
of thousands of individuals is determined at the positions of half a mil- 
lion or more single nucleotide polymorphisms (SNPs)'* (see page 728). 
The ultimate goal of GWA analysis is to uncover all of the DNA sequence 
variants that affect an individual's risk of disease, without sequencing the 
whole genome, by using statistical inferences based on common patterns 
of variation in the genome. 

An important question that can be addressed by GWA analysis is 
why only some children develop severe malaria (that is, life-threatening 
forms of the disease’*"®) in communities in which every child is repeat- 
edly infected with Plasmodium falciparum, the species of parasite that 
is responsible for most deaths from malaria. Only a small proportion of 
P._ falciparum infections progress to severe malaria, and epidemiological 
data indicate that about 25% of the risk is determined by human genetic 
factors’ (Box 1). A tygical study design is 0 recruit individuals with severe 
malaria (cases) in a hospital setting and to recruit control individuals 
essentially randomly from the general population. By comparing the fre- 
quency of a set of SNPs in cases and controls, it is possible to estimate the 
effect of different sequence variants on an individual's risk of developing 
severe malaria. Because the risk of developing severe malaria is probably 


determined by many genetic factors and environmental factors operating 
at different stages of infection, the effect of any one factor might be small, 
so a large number of individuals must be studied to obtain statistically 
significant results. 

Similar approaches could, in principle, be used to investigate the 
emergence and molecular basis of drug resistance in Plasmodium popu- 
lations or insecticide resistance in Anopheles populations. However, this 
cannot be put into practice until genomic variation in Plasmodium and 
Anopheles populations is better understood*"**". A complicating factor 
for GWA studies of P. falciparum is that in a single infection, the para- 
sites that are transmitted can have different genotypes, so an individual 
who is infécted frequently can carry a parasite population of great genetic 
complexity. Another is that, in Africa, where malaria is most prevalent, 
the P falciparum genome has low levels of linkage disequilibrium'””’. 
Linkage disequilibrium is a fundamental concept to consider in GWA 
analysis; it refers to the correlation between genotypes that is observed 
at neighbouring positions in the genome. The lower the level of linkage 
disequilibrium, the more positions in the genome need to be genotyped 
for an effective GWA study. Recent technological advances in massively 
parallel sequencing of single DNA molecules” might help to overcome 
both of these problems, by enabling P falciparum to be genotyped at a very 
large number of positions in the genome and by helping to distinguish the 
different parasite genotypes that can constitute a single infection. 

In this Commentary, we describe how a global research network 
has been established to investigate the effects of genomic variation 
in humans on the biology and pathology of malaria. We focus on the 
human genome because the tools for genotyping and the framework for 
population genetics are further advanced than those for Plasmodium 
and Anopheles species. More specifically, we outline the practical reas- 
ons why malaria is more challenging to study by GWA analysis than 
many other common diseases, and we describe how we have established 
several projects that bring together large-scale studies carried out in 
multiple locations to address key scientific questions. We also describe 
the procedures that we use for standardizing and integrating data from 
different investigators, as well as the policies that we have developed to 
deal with issues of sample and data ownership, data release, intellectual 
property and ethics. 


Challenges of GWA studies of malaria 

The genetic analysis of human resistance to malaria is challenging at 
several levels, ranging from the practical and ethical issues of clinical 
research in the developing world to the statistical genetic issues arising 
from the great diversity of the populations that are affected. 


*A list of participants and affiliations appears in the online version of the paper at www.nature.com/nature. 


732 


© 2008 Macmillan Publishers Limited. All rights reserved 


Table 1| Malaria involves three eukaryotic genomes 


Aspect Plasmodium falciparum* (ref. 2) 


Anopheles gambiae} (ref. 3) 


Humans** 


Genomic organization Haploid (transiently diploid in mosquitoes) — Diploid 


14 chromosomes 


Plus the mitochondrial genome and 
apicoplast genome 


2 autosomal chromosomes, 
X chromosome, Y chromosome 


Plus the mitochondrial genome 


Diploid 

22 autosomal chromosomes, 

X chromosome, Y chromosome 
Plus the mitochondrial genome 


Genome size (base pairs) 2.310’ 2.8x10° 


3.2x10° 


Estimated number of 5,420 12,945 


protein-coding genes 


21,714 


~10° unvalidated SNPs listed by dbSNP 
(http://Awww.ncbi.nim.nih.gov/projects/SNP) 


Databases of common 
genomic variants 


~10° unvalidated SNPs listed by dbSNP 


~6x10° validated SNPs listed by dbSNP 
~3x10° SNPs investigated by the International 
HapMap Project® (http://www.hapmap.org) 


~3 x 10% structural variants listed by the 
Database of Genomic Variants 
(http://projects.tcag.ca/variation) 


Resistance to antimalarials’: 
to antifolates, mediated by DHFR and DHPS; 
to chloroquine, mediated by CRT and MDR 


Examples of 
evolutionary selection 


Resistance to insecticides*®: 

to DDT and pyrethroids, mediated by the 
kdr allele, a variant of a gene encoding a 
voltage-gated sodium channel 


Resistance to severe malaria’: 

mediated by mutations in HBB (resulting in 
different forms of haemoglobin, HbS and HbC); 
the presence of HBA7 or HBA2 (which encode 
different forms of the a-chain of haemoglobin, 
resulting in a’-thalassaemia); 

by deficiency in G6PD 


CRT, chloroquine-resistance transporter gene; DDT, dichlorodiphenyltrichloroethane; DHFR, dihydrofolate reductase gene; DHPS, dihydropteroate synthase gene; G6PD, glucose-6-phosphate dehydrogenase 
gene; HBB, B-globin gene (which encodes the B-chain of haemoglobin); kdr, knockdown resistance gene; MDR, multidrug-resistance gene; SNP, single nucleotide polymorphism. *Plasmodium is a genus of 
protozoan. There are more than 100 species, of which 5 can infect humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and some forms of Plasmodium knowlesi. P. falciparum 


is the most severe form and is responsible for most deaths from malaria. }Anopheles is a genus of mosquito. 


malaria. Anopheles gambiae is a major vector of P. falciparum. 


Recruiting a large number of individuals with severe malaria presents 
challenges because most of the burden of malaria falls on poor com- 
munities with underfunded health services and no systematic medical 
records. A considerable proportion of children with severe malaria die 
within hours of reaching a hospital; therefore, for the dinical phenotype of 
malaria to be classified properly, research information must be gathered at 
the time of hospital admission. This implies considerable responsibilities 
on the part of the research team for ensuring standards of medical care, 
particularly in a resource-poor setting. Also, it is not feasible to take large 
amounts of blood from children who are ill with malaria, many of whom 
are anaemic, so it is often necessary to use whole-genome amplification to 
obtain enough DNA for genotyping at numerous SNP positions. This can 
reduce genotyping efficiency and thus diminish statistical power, making 
an even larger sample size necessary”’. 

In addition, designing an appropriate ‘SNP genotyping’ strategy for 
GWA studies of malaria is complicated by the large amount of genomic 
variation in Africa. Because of the low levels of linkage disequilibrium 
in populations in Africa, genotypes need to be sequenced at the pos- 
itions of more SNPs than in studies of European populations. On the 
basis of the initial data from the International HapMap Project (http:// 
www.hapmap.org), it was estimated that a GWA study of about 1.5 mil- 
lion SNPs in an African population would be approximately equivalent 
to a study of 0.6 million SNPs in a European population, in terms of the 
ability to tag a high proportion of common sequence variants. But it is 
difficult to estimate how many SNPs will be required to tag all common 
variants until resequencing studies have generated a comprehensive list 
of common sequence variants in different African populations”. 

Furthermore, the ethnic diversity of African populations presents 
numerous statistical challenges for GWA studies. Many African com- 
munities consist of several ethnic groups, and minor differences in the 
ethnic composition of the case groups and the control groups can lead 
to false-positive genetic associations. To exclude such artefacts, studies 
need to be designed carefully, and statistical genetic methods that correct 
for population structure need to be applied”. 

Another problem arises from the genetic differences between popu- 
lations in Africa, as opposed to within a single population. Signals of 
association are not expected to be constant across GWA studies carried 
out at different locations in Africa. For example, differences in haplotype 
structure can result in variable signals of association around a causal 
variant of a disease, particularly in genomic regions that have recently 


There are about 400 species, of which about 40 transmit the Plasmodium parasites that cause human 


undergone evolutionary selection. Also, different populations can har- 
bour different factors that confer resistance to malaria. One example of 
this is two resistance-associated forms of haemoglobin (haemoglobin S 
and haemoglobin C) that result from different SNPs at adjacent locations 
in HBB, the gene that encodes the B-chain of haemoglobin — these SNPs 
have different patterns of distribution in West Africa”. 

But such differences between populations can be also highly informa- 
tive. For example, they can aid in uncovering genetic factors that have 
evolved in specific populations and in investigating interactions between 
genes and the environment. Importantly, differences in the patterns of 
linkage disequilibrium between populations can help to distinguish a 
causal variant from neighbouring polymorphisms. This is necessary 
because many SNPs that have been associated with particular diseases 
are not the causal variants but show an association signal simply as a 
result of correlation with the causal variant (because of linkage disequi- 
librium). Thus, GWA studies carried out at multiple sites in Africa could 
provide a rich resource for identifying causal variants. 


Developing a global research network 

In the past, research into the human genetic factors that affect resist- 
ance to malaria has been characterized by multiple research groups each 
pursuing relatively small studies on their own samples. But the chance 
of making a discovery, and replicating the finding, is greatly increased if 
there are effective mechanisms for different research groups to share data 
and thereby enlarge the number of samples that are studied. The concept 
of forming a network for sharing data on the genomic epidemiology of 
malaria — which was to become the Malaria Genomic Epidemiology 
Network (MalariaGEN) — originated from work that was funded in 2003 
by the Bill & Melinda Gates Foundation and by the UK Medical Research 
Council. The purpose of this funding was to develop web-based software 
that would allow the integration of clinical and genetic data collected by 
different research groups. This funding also supported a workshop on 
the ethical and ownership issues involved in sharing data, which was held 
in Accra, Ghana, in January 2004 and attended by scientists and clinical 
researchers from ten research groups in Africa. 

MalariaGEN was established in 2005, wih joint funding from the Bill 
& Melinda Gates Foundation (through the Foundation for the National 
Institutes of Health) and the Wellcome Trust, as part of the Grand Chal- 
lenges in Global Health initiative” (http://www.gcgh.org). The purpose 
of this joint funding was to discover mechanisms of protective immunity 


733 


© 2008 Macmillan Publishers Limited. All rights reserved 


Box 1| Progression of malarial disease in a malaria-endemic region 


Typical frequency for a child ina 


Observation malaria-endemic region 


Bitten by infectious mosquito Infected 10 times per year 


Parasitaemic 50% of each year 


Fever episodes twice per year 


Vv 

In amalaria~-endemic region, there is a large variation in the clinical 
severity of infections with Plasmodium falciparum. When a young child 
becomes infected, he or she usually becomes ill with fever but eventually 
recovers. A small proportion of infections progress to severe malaria; 
that is, forms of the disease that have life-threatening complications, 
such as profound anaemia or cerebral malaria". After repeated 
infections, older children and adults acquire clinical immunity to malaria, 
meaning that they can tolerate infection without developing symptoms. 

The figure illustrates the likelihood of progression from infection 
with P. falciparum to death for a young child living in a malaria-endemic 
region, showing frequencies that are representative for sucha 
child. In any given situation, the frequencies will depend greatly on 
environmental factors, such as mosquito biting rates. Despite the 
importance of environment, human genetic factors are estimated 
to account for approximately 25% of the variation among African 
children in the risk of developing severe malaria”. Known genetic factors 
that confer resistance to malaria, such as the allele that encodes the 
HbS form of haemoglobin (ref. 9) (Table 1), account for only a small 
proportion of this variation, implying that many genetic factors involved 
in resistance remain to be uncovered”. 

Such genetic factors might operate at any stage of the progression 
from receiving a bite from a malaria-carrying mosquito to dying as a 
result of severe malaria. For example, individuals who carry the HbS- 
encoding allele have a tenfold lower risk of severe malaria than those 
who do not carry this allele, and the mechanism of protection seems 
to be that HbS acts to suppress the number of parasites in the blood. 


Probability of 3% per year 


Probability of 1% per year 


to malaria by combining analysis of human genome variation with large- 
scale epidemiological studies in malaria-endemic regions. Five objectives 
necessary for achieving this goal were identified: building a global net- 
work for sharing data on the genomic epidemiology of malaria; collect- 
ing DNA and dinical data from individuals with different phenotypes 
of malaria; characterizing genetic variation in populations in malaria- 
endemic regions; identifying genetic variants that provide protection 
against severe malaria; and defining the immunological mechanisms by 
which such genetic variants exert their protective effect. 

The group of researchers who came together to tackle these objectives, 
the MalariaGEN investigators, are mainly leaders of clinical, epidemio- 
logical or immunological research projects in malaria~-endemic areas, and 
they contribute samples and data to the MalariaGEN programme. Other 
MalariaGEN investigators contribute expertise and technical resources 
related to high-throughput analysis of genomic variation, statistical genet- 
ics or biomedical ethics. The host irstitutions of MalariaGEN investigators, 
the MalariaGEN partner institutions, are located in 15 malaria~-endemic 
countries and 6 other countries (for additional information, see http:// 
www.malariagen.net/resource/1), and the institutions in malaria-endemic 
countries have well-established study sites, where individuals are recruited 
to participate in research. Most of these study sites are in sub-Saharan 
Africa: in Burkina Faso, Cameroon, Gambia, Ghana, Kenya, Malawi, Mali, 
Nigeria, Senegal, Sudan and Tanzania. There are also MalariaGEN study 
sites in Papua New Guinea, Sri Lanka, Thailand and Vietnam. 
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To address the complexities involved in setting up such a global research 
network, MalariaGEN investigators agreed, at an inaugural meeting in 
Oxford, United Kingdom, in July 2005, to establish the network in four 
stages. The first stage was to establish a set of principles and processes, 
agreed by all investigators, to regulate a central resource of DNA sam- 
ples and phenotypic data (Box 2 and see http://www.malariagen.net/ 
resource/1). More specifically, this involved standardizing scientific defi- 
nitions and procedures, enabling partners to gain secure access to the 
data resource via the Internet, and developing rules about data sharing, 
intellectual property and appropriate consent. 

The second stage was to define a core scientific programme of large- 
scale experiments and statistical analysis, which would use data and exper- 
tise from multiple investigators, and the results of which would belong 
jointly to all of the investigators involved. Projects that are part of this 
core programme are called Consortial Projects (Box 2). There are four 
such projects so far, and each has a specific objective and a plan of action 
(Table 2). After a Consortial Project has been defined, each investigator 
decides whether he or she wishes to contribute to the project. 

The third stage was to find ways of assisting investigators in malaria- 
endemic countries to develop clinical and epidemiological studies that 
would advance the core scientific programme. Investigators were invited 
to submit funding proposals for projects at their study sites that would 
contribute to Consortial Projects, using the research infrastructure of 
the local partner institution and founded on the scientific interests and 
expertise of the local investigators. Funding was allocated after prop- 
osals had been reviewed by a group of investigators that represented the 
network as a whole (with members from Cameroon, Gambia, Ghana, 
Italy, Kenya, Malawi, Mali, Sri Lanka, Sudan, Tanzania and the United 
Kingdom). This group evaluated both the scientific design and the feas- 
ibility of the clinical and epidemiological studies proposed, taking into 
account the infrastructure and expertise of the local partner institution 
and study site. 

The fourth stage was to strengthen the capacity to manage data, and 
to carry out statistical and genetic analyses, at partner institutions in 
malaria-endemic countries. A fellowship programme in data analysis 
was established. After an open application process, a data fellow was 
appointed at each partner institution. Most of the MalariaGEN data fel- 
lows work on the team of a MalariaGEN investigator and have responsi- 
bilities for managing the team’s data. All data fellows receive training and 
support in data management, statistical genetics and computing skills. 
This training is provided by a team of expert statisticians, geneticists 
and computer programmers who work at the MalariaGEN Resource 
Centre, which is based at two locations in the United Kingdom, at the 
University of Oxford and at the Wellcome Trust Sanger Institute near 
Cambridge. Members of the MalariaGEN resource centre organize regu- 
lar data-analysis workshops, both in the United Kingdom and at partner 
institutions in malaria-endemic countries. These workshops provide 
structured teaching, together with an opportunity for data fellows to 
share their experiences and to analyse their own data with hands-on 
assistance from an expert. 


Dealing with data 

Sharing data is a simple concept but, when many investigators and part- 
ner institutions are involved, it can be complex to put into practice. 
There is the technical issue of how to amalgamate data from different 
research groups. There needs to be transparency about the ownership 
and permitted uses of the data and samples contributed by investig- 
ators. Procedures need to be established for releasing data and, where 
appropriate, for protecting intellectual property. This section outlines 
how MalariaGEN has dealt with each of these areas. 


Standardizing and integrating data 

Standardizing and integrating data from multiple study sites is central 
to MalariaGEN’s mission. As an example, Consortial Project 1 (Table 2), 
which is the core project of MalariaGEN’s programme, depends on there 
being a standardized clinical definition of severe malaria. Severe malaria 
consists of several overlapping clinical syndromes, often referred to as 
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subphenotypes: these include cerebral malaria (which is characterized 
by coma), profound anaemia and respiratory distress. Some genetic 
factors confer resistance generally to severe malaria, whereas others 
might be specific for a subphenotype. The clinical definition of severe 
malaria therefore depends on a combination of observations, some of 
which (for example, respiratory distress) can be quantified less precisely 
than others (for example, anaemia, through measuring haemoglobin 
concentration), and there is ongoing research into how to minimize 
the diagnostic error rate. After consulting MalariaGEN investigators 
— and after a joint meeting with the Severe Malaria in African Chil- 
dren network”, in Yaoundé, Cameroon, in November 2005 — a stand- 
ardized case report form was agreed (see http://www.malariagen.net/ 
resource/1). This form is not intended to replace the case report forms 
used by individual investigators but rather to provide a template for 
extracting core information from different clinical data sets in a stan- 
dardized manner, while giving investigators the freedom to collect data 
in the way that is most appropriate to their own research. 

Ina large research network, there will be site-to-site variation in the 
way in which clinical and epidemiological information is recorded and 
stored at the local level, so investigators and data fellows are encouraged 
to have an active role in data standardization and integration. This is 
facilitated by web-based software developed specifically for this pur- 
pose by the MalariaGEN resource centre. Investigators collect data using 
the database format that is best supported at their institution, and they 
periodically upload their data via a secure, password-protected inter- 
face to a personalized section of the MalariaGEN website, which cannot 
be accessed by others. Tools are provided for checking data integrity 
and for transferring data into the database for the relevant Consortial 
Project. The process of data transfer generally requires the investigator 
to recode or transform certain variables in their own data set to match 
the format of the project database, and the web-based software assists 
and documents this process. 

MalariaGEN investigators are also working on the standardization 
of immunological assays as part of Consortial Project 2, which involves 
investigating the genetic determinants of the immune response in dif- 
ferent populations and environmental settings (Table 2). In the first 
phase of this project, antibody measurements are being carried out at a 
central reference laboratory to ensure that data from different study sites 
can be directly compared. In the long term, the project seeks to develop 
robust methods and standardized reagents that will enable reference 
laboratories to be established at partner institutions. 


Sharing data and establishing rules of ownership 

MalariaGEN is a data-sharing community in which independent investi- 
gators with different projects and research objectives contribute to a cen- 
tral repository of DNA samples and a central database of core phenotypic 
data for each Consortial Project. General principles of data sharing and 
ownership were agreed at the inaugural meeting of MalariaGEN (Box 2 
and see http://www.malariagen.net/resource/1). The major findings of 
each Consortial Project will be published in scientific journals, with all 
investigators who contributed to the project listed as authors. In addition, 
investigators are encouraged to analyse the data that have been gener- 
ated from their own samples, and to incorporate any additional clinical 
or experimental data that they have for these samples; these analyses 
are then permitted to be published independently of the findings of the 
Consortial Project. 

One of the most important considerations when building the database 
for each Consortial Project was protecting the anonymity of research 
participants. The MalariaGEN database contains no personal identi- 
fiers and is not linked to databases at local study sites. However, one of 
MalariaGEN’s key principles is that investigators should be able to ana- 
lyse data generated from samples that they contributed and to amalga- 
mate these data with locally held phenotypic data. A standard operating 
procedure was therefore developed to ensure that the local databases 
held by partner institutions that contain data generated by MalariaGEN 
are designed and used according to appropriate ethical guidelines (see 
http://www.malariagen.net/resource/1). 


Box 2 | Key elements of MalariaGEN's policy 


MalariaGEN investigators have agreed ona set of principles and 
processes for sharing samples and data. An important step was to 
define several Consortial Projects, each of which has a specific objective 
and project plan (Table 2). Investigators can control how their samples 
and data are used by MalariaGEN by specifying which Consortial 
Projects they wish to contribute to. 


Definitions 

* Consortial Project: a project that uses data and expertise from multiple 
investigators, is carried out with core MalariaGEN funds, and is agreed 
by the Project Management Committee, the funding bodies and all of 
the investigators taking part in the project. 

* Contributing investigator: an investigator who contributes data, 
samples or expertise to a Consortial Project. 

* Investigator’s own analysis: analysis carried out by a contributing 
investigator on his or her own samples, either using data generated by 
MalariaGEN or facilitated in another way by MalariaGEN. 


Key principles 

* The ownership of physical samples and clinical data contributed to 
Consortial Projects remains with the contributing investigator. 

* The contributing investigator can request that DNA samples be 
returned at any stage after the agreed experiments have taken place 
and can use the samples for purposes other than those of MalariaGEN. 
* Genotyping data generated by a Consortial Project is fully accessible 
to the investigator who contributed the samples and may be used for 
the investigator's own analysis. 

* The contributing investigator is responsible for ensuring that samples 
are taken with the participants’ informed consent and for gaining local 
ethical approval, with support from the MalariaGEN ethics team. 

* The laboratories that process samples and analyse data are 
responsible for the safety and integrity of the samples, and for 
maintaining security and confidentiality of information. 

* Authorship of publications by MalariaGEN will reflect the 
contributions of all who have provided data and expertise, in 
accordance with normal academic practice. 

* Data at the level of the individual from human GWA studies will be 
made available to the scientific community through an independent 
data-access committee. 

« Intellectual-property protection will be sought only if it will expedite 
the translation of a scientific discovery into affordable health benefits 
for the populations that are most in need. 

* For further details of MalariaGEN consortial policies, see http:// 
www.malariagen.net/resource/1 


Releasing data and protecting data as intellectual property 

Because the scientific benefits of GWA studies are cumulative, the value 
of a single study can be increased substantially if the data for individual 
subjects are available to the wider scientific community, provided that 
the identity of these individuals is securely protected'*”. MalariaGEN’s 
policy on this topic was developed in consultation with all MalariaGEN 
investigators and with ethics-review boards at several MalariaGEN part- 
ner institutions (see http://www.malariagen.net/resource/1). In broad 
terms, the data-release policy seeks to permit research that is consistent 
with the nature of informed consent and the uses of the samples agreed 
by the relevant ethics-review boards. A key concern that arose from 
the consultation was to guard against the data being used in a way that 
might lead to any form of ethnic stigmatization. Another concern was 
to ensure that the timeline for data release is fair for investigators in 
malaria-endemic countries who have contributed resources and data 
to a project, because these investigators generally have less capacity for 
analysing genetic data than researchers in rich countries. Balancing the 
benefits of prompt data release with the need to protect the interests 
of partner institutions, MalariaGEN’s current policy is to release GWA 
data 9 months after contributing investigators have had access to the 
complete data set. Data are placed in the European Genotype Archive 
(http://www.ebi.ac.uk/ega) and are then made available on application 
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Table 2 | MalariaGEN Consortial Projects 


Project Study sites 


Project outline 


Burkina Faso, Cameroon, Gambia, 
Ghana (Navrongo and Kumasi), 
Kenya, Malawi, Mali, Nigeria, 
Papua New Guinea, Tanzania 

and Vietnam 


1. Analysis of human genome variants 
associated with resistance or 
susceptibility to severe malaria 


* Study sites have recruited >10,000 cases and >10,000 ethnically matched controls 
for genetic association studies of severe malaria, with family trios being recruited at 
four study sites. 


* GWA studies of >10,000 individuals to be completed in 2009 for three study sites. 


2. Analysis of human genetic factors 
that determine antibody responses 
to malaria 


Burkina Faso, Kenya, Mali, Senegal, 
Sri Lanka, Sudan and Tanzania 


* Standardized assays for antibodies specific for malaria antigens are being developed. 


* Assays will be used in a range of community-based studies with various 
epidemiological designs, to test associations between candidate genes and 


antibody responses. 


Burkina Faso, Cameroon, Gambia, 
Ghana, Kenya, Mali, Nigeria, 
Papua New Guinea, Sudan, 
Tanzania and Vietnam 


3. Analysis of human genome variation 
in populations in which malaria is 
endemic 


* ADNA repository is being established to allow detailed studies of human genome 
variation in malaria~endemic populations. 


* Each site has recruited =>90 individuals and has ethical approval for sequence data 
to be publicly released. 


4. Genetic linkage studies of quantitative 
traits associated with malaria 


Ghana, Senegal and Thailand 


to an independent data-access committee (as described on the Malari- 
aGEN Data Access web page, http://www.malariagen.net/access). As 
an additional check and balance, a working group is being established 
to represent partner institutions and ethics-review boards in malaria- 
endemic countries, and this group will be kept informed about applic- 
ations for access to data and consulted about any proposed changes to 
the data-release policy. 

It was important for MalariaGEN to develop guidelines on the cir- 
cumstances in which data should be protected as intellectual prop- 
erty before publication, with careful consideration of arguments for 
and against patenting discoveries*’. On the one hand, if a scientific 
discovery could lead to health benefits, then every effort should be 
made to make these benefits available to those who need them most, a 
process that could involve patenting the discovery. On the other hand, 
there is an argument for releasing data as openly as possible when there 
are no immediate applications for improving health and when open 
access to the data could drive innovations that might lead to health 
benefits. Arguably, for genomic epidemiology data, the prompt release 
of scientific findings is, in general, the appropriate course of action, 
but occasionally there might be discoveries that are exceptions to this. 
MalariaGEN’s current policy is that intellectual-property protection 
should be sought if all three of the following conditions are satisfied: 
the discovery must be directly relevant to a medical application; it must 
be probable that the intellectual property will be licensed for develop- 
ment immediately; and the discovery must have been shown to require 
intellectual-property protection as a stimulus for further development 
(see http://www.malariagen.net/resource/ 1). In such cases, intellectual 
property will be licensed to non-profit organizations if possible. And, if 
financial benefits arise, then MalariaGEN will seek to ensure that these 
benefits flow to the communities who participated in the research. 


Engaging with ethical issues 

A range of ethical and social issues arise in establishing a network to 
share data between investigators in many countries. Ensuring ethical 
standards for the conduct of clinical research in developing countries 
raises many complex issues”’. And the accumulation of detailed gen- 
omic information about individuals is raising new questions for society 
in general. This combination of ethical and social issues needs to be 
addressed appropriately’. MalariaGEN has therefore established a team 
with expertise in medical ethics, which works with investigators and 
partner institutions to assess the ethical and social issues at different 
study sites, with the aim of establishing best practices for the ethical 
conduct of research carried out by MalariaGEN. This ethics team also 
develops training materials for investigators and ethics-review boards 
and has held workshops in Kenya, Mali, Thailand and Vietnam. To 
support investigators in tackling specific ethical issues and to gain an 
understanding of local practices, members of the team have also visited 
study sites in Cameroon, Gambia, Ghana, Kenya, Malawi, Mali, Papua 
New Guinea, Senegal and Sudan. 
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* A data-sharing collaboration has been set up between investigators working on 
genetic linkage studies of the intensity of malaria infection and other quantitative traits. 


One of the most important aspects of this work is to find effective ways 
of communicating with research participants™. For example, when a very 
sick child is brought from her village to a busy government hospital, 
and her parents are asked whether part of the diagnostic blood sample 
can be used for a research project, it is often difficult to convey the dis- 
tinction between medical diagnosis and medical research. Terms such 
as ‘research, ‘genetics, ‘laboratory and database’ might be meaningless 
unless a concise and effective way is found of translating these concepts 
into the local language (by using examples and metaphors drawn from 
local experience), without creating anxiety by information overload. After 
consulting investigators and ethics-review board members, MalariaGEN 
has developed a template and guidelines for obtaining informed consent 
from participants in genetic studies of resistance to malaria (see http:// 
www.malariagen.net/resource/1). To understand how guidelines can be 
put into practice most effectively, the ethics team is also undertaking empir- 
ical research on the process of gaining informed consent at different study 
sites, with the objective of establishing best practice across MalariaGEN 
study sites, while being sensitive to local culture and practices. 

The ethics team is also working to develop models of consultation at 
the community level that are appropriate for diverse cultural settings. 
A sensitive issue for many communities is the potential abuse of genetic 
data relating to ethnicity, which could result in stigmatization. Quali- 
tative research is being carried out to understand the perspectives of 
communities and other stakeholders on the collection and use of infor- 
mation about ethnicity in genomic epidemiology projects. The aim is to 
develop guidelines for the publication and release of data about ethnicity 
that will provide the maximum scientific benefit while safeguarding the 
interests of participants and their communities. 

Many of the ethical and social challenges confronting MalariaGEN stem 
from the diversity inherent in a large scientific enterprise with partners 
in rich and poor countries that span multiple disciplines, from clinical 
research and community-based research to state-of-the-art genomics and 
bioinformatics. Often, partners need to agree on an appropriate balance 
between standardization and shared practices on the one hand, and diver- 
sity and sensitivity to local circumstances on the other hand. MalariaGEN’s 
procedures for data integration and guidelines for informed consent are 
examples of this process. 


Looking forward 

In September 2008, an ambitious plan for the elimination of malaria was 
announced — the Global Malaria Action Plan (http://www.rbm.who.int/ 
gmap). This plan, which is supported by major international develop- 
ment agencies and governments around the world, seeks to halve the 
number of malaria cases worldwide by 2010 and to eliminate deaths from 
malaria almost completely by 2015. But it cannot succeed without effec- 
tive insecticides and antimalarial drugs. And even if the plan’s goals for 
the next decade are achieved, the chance of controlling and eliminating 
malaria over the long term will be greatly increased if an effective vaccine 
becomes available. 
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The new science of genomic epidemiology could assist these efforts 
to eliminate malaria, by providing more effective ways of monitoring 
the emergence of parasite resistance to antimalarial drugs and of mos- 
quito resistance to insecticides, and by providing new leads for malaria 
vaccine development based on a better understanding of the natural 
mechanisms of protective immunity. 

If genomic epidemiology is to make a contribution in this way, there 
need to be mechanisms in place to help researchers both in malaria- 
endemic countries and worldwide to pool their resources. Research 
groups in malaria-endemic countries need access to the technical 
expertise and infrastructure for the large-scale analysis of genomic 
variation. And research groups worldwide need to combine forces to 
analyse the massive amounts of data being generated by these studies, 
leading the way for important discoveries to be made. The MalariaGEN 
community is endeavouring to learn how to build and maintain the 
relationships, shared values and best practices that underpin this new 
type of scientific collaboration. a 
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Reverse engineering the genotype- 
phenotype map with natural genetic variation 


Matthew V. Rockman! 


The genetic variation that occurs naturally in a population is a powerful resource for studying how genotype 
affects phenotype. Each allele is a perturbation of the biological system, and genetic crosses, through the 
processes of recombination and segregation, randomize the distribution of these alleles among the progeny 

of across. The randomized genetic perturbations affect traits directly and indirectly, and the similarities and 
differences between traits in their responses to common perturbations allow inferences about whether variation 
ina trait is a cause of a phenotype (such as disease) or whether the trait variation is, instead, an effect of that 
phenotype. It is then possible to use this information about causes and effects to build models of probabilistic 
‘causal networks’. These networks are beginning to define the outlines of the ‘genotype-phenotype map’. 


More than a decade into the genomic era, it remains easier to collect 
genomic data sets than to understand them. The research community 
has obtained vast quantities of data on genes, transcripts, proteins, 
metabolites and so on, but has discerned only faint outlines of the net- 
works that connect these factors. Biologists are justifiably enthusiastic 
about the ability to describe networks of biological molecules that are 
co-expressed or co-localized, but a central goal of contemporary biology 
is to connect these observable patterns to form models that predict how 
biological networks operate as systems. The networks that matter in this 
context are networks of causal relationships, which can be uncovered 
by using experiments in which biological systems are perturbed’. The 
translation of genotype into phenotype depends solely on these causal 
relationships; many of the relationships are shaped by the co-expression 
of genes and physical interactions between cellular components, but 
many others are determined by intricate networks of cause and effect 
that are mediated by an organism's physiology, behaviour, and interac- 
tions with the environment’ (Box 1). Inferring causal networks from 
observations is often called reverse engineering, because the goal is not 
merely to identify components that are functionally related or situated 
near to one another but to understand how the system works as an 
integrated whole. 

The classic method for reverse engineering a system is to poke a com- 
ponent with a stidc and then to characterize the effect of the perturbation. 
An alternative is to poke many components simultaneously and at ran- 
dom, repeating the experiment over many random sets of components. 
Ever since R. A. Fisher put forward his ideas® in the 1920s, statisticians 
have recognized such randomized multifactorial perturbation as the 
ideal experimental design for uncovering causation. Conveniently, the 
genetic variation that occurs naturally within a population is a source 
of multifactorial perturbation®”. The use of natural genetic variation to 
probe the causal network that links genotype and phenotype has grown 
recently as large data sets have been generated for many experimental 
model species, crops and humans*”®. In this Review, I discuss recent 
progress in the application of natural genetic variation to reverse engineer 
the genotype-phenotype map. After introducing the basic experimen- 
tal approach, I describe its advantages over traditional genetic screens 
and show how the resultant data allow tentative inferences to be made 


about causation. Finally, I discuss the steps that are being taken to gain 
a mechanistic understanding of the network that connects genotype to 
phenotype, and I point out potential obstacles to this process, as well as 
potential shortcuts. 


Quantitative genetics of transcript abundance 

Genetically characterized populations are the central tool for uncover- 
ing the genetic variants that underlie phenotypic variation. A common 
approach is to cross two inbred lines, each homozygous at every locus, 
to yield a hybrid that is heterozygous at every locus that differs between 
the strains. In a typical cross, thousands to millions of genetic loci differ. 
The ordinary process of meiotic recombination rearranges these poly- 
morphisms within the hybrid germ line, and segments of each of the 
initial genomes are passed on randomly to the progeny of the hybrids. By 
tracking the genomic segments with molecular markers, the regions of 
the genome that contain genetic variants that affect phenotypes (known 
as quantitative trait loci, QTLs) can be identified’ (Fig. la-d). 

An important recent advance in connecting the links between geno- 
type and phenotype has been to measure the ‘phenotypic states’ of the 
links, most notably the abundance of the transcripts corresponding to 
each gene of interest**°"*. Quantitative genetic analysis of genome-wide 
transcript abundance is sometimes called genetical genomics® or expres- 
sion QTL mapping’, and the results from this type of analysis — the cor- 
relations between genes and transcript phenotypes — can be represented 
by plotting the physical position in the genome of the gene correspond- 
ing to each transcript against the position of the loci associated with vari- 
ation in transcript abundance (Fig. 1d). In a properly controlled cross, 
an association between genotype and phenotype implicates genetic vari- 
ation as the cause of the phenotypic variation; as is the case for all daims 
based on empirical data, confidence in such a causal inference is defined 
statistically. The genetic analysis of genome-wide transcript abundance 
poses distinct technical, computational and analytical challenges that 
necessitate careful avoidance of potential artefacts'*"* and that drive 
innovation in statistical genetics methods’. 

Analyses typically show many linkages between the abundances 
of transcripts and the regions in the genomes where the structural 
genes for those transcripts reside. Such genes contain QTLs for their 
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own transcript abundance. Consequently, the data points align on the 
diagonal in Fig. 1d. Most of these local linkages will be attributable 
to cis-acting regulatory polymorphisms, although there will be some 
contribution from polymorphisms that affect the transcript abundance 
by acting in trans’°??*". 

Data points aligning in vertical bands in Fig. 1d indicate linkage 
hotspots: that is, regions of the genome at which variation alters the 
abundance of a large number of transcripts. The loci responsible for 
these large phenotypic effects might be highly influential regulatory 
loci”, or they might be loci at which variation has a marked but non- 
specific effect on transcript abundances. Such pleiotropic alleles might 
alter cellular homeostasis in such a way as to shift the steady state for a 
large number of traits, without this shift being a regulatory effect’*”*. 

The quantitative genetics approach described earlier, using natural 
genetic variation as a source of perturbations, has striking advantages 
over the classic (one gene at a time) approach’. First, the quantitative 
genetics approach involves massive hidden replication. The effect of each 
of the alleles present in the initial cross is measured repeatedly because 
each allele is present in a large number of the phenotyped progeny. A 
small phenotyping panel of 100 individuals represents on average a 
50-fold replication in studying the effect of every allele; similar amounts 
of replication are not feasible for a one-at-a-time approach. 

Second, the presence of simultaneous variation at multiple loci allows 
the interactions between perturbations (that is, genetic variants) to be 
uncovered. In the context of gene-expression genetics, such interactions 
are likely to be common”*”, and observations have shown that the inher- 
itance of many transcript-abundance traits involves interactions between 
genes'**°’’, A prime example of this gene-interaction phenomenon is 
genetic redundancy; only by varying the redundant loci simultaneously 
can their effects be detected. 

Last, the simultaneous perturbation of a large number of factors results 
in the exploration of a larger ‘space’ of variation than when carrying out 
single perturbations. Genetically complex traits, which are shaped by 
variation at many loci, often show transgressive segregation: that is, the 
random assignment of alleles to the progeny of hybrids results in individu- 
als with unusual collections of alleles, which yield extreme phenotypes. 
Transgressive segregation characterizes the majority of the transcript- 
abundance traits in crosses in which its frequency has been examined”. 
The large space of phenotypes covered by genetically segregating popu- 
lations increases the ability to detect relationships between traits. Tran- 
script-abundance data from such populations, for example, are unusually 
successful at predicting functional relationships between genes”. 


Causal ordering 

A QTL can affect some traits directly and can affect others indirectly 
through the effects of intermediate traits. Of particular interest is 
whether variation in an organismal phenotype, such as a disease state or 
a behaviour, is an effect of transcript-abundance variation or a cause™. 
Only if the transcript-abundance trait is a cause (not an effect) can it be 
a target for perturbations that shape variation in the organismal trait, 
whether in the laboratory, the clinic or an evolving population. 

Under a broad set of assumptions, causality shapes correlations in a 
recognizable way, and its signature is conditional independence. This 
can be shown by considering three causally related traits: A, Band C. 
Under standard Markov assumptions, if variation in A causes vari- 
ation in B, which in turn causes variation in C (this can be written as 
A->B-C), then when the distribution of B is known, A provides no 
additional information about C. A and C are independent conditional 
on B. This statement of conditional independence would not hold if the 
causal ordering were B > C >A, for example. Conditional independence 
is by itself insufficient to order causal links uniquely: A < B > C yields the 
same conditional independence statement as A > B > C. Nevertheless, 
conditional independence is a powerful tool for distinguishing direct 
links between traits from indirect links, even when causal ordering is 
not possible’*”*, 

The key advantage of studying genetic perturbations is that many 
causal orderings are prohibited by the central dogma that genotypic 


Box 1| Do causal networks exist? 


The concepts of causality and networks are controversial. Many 
biologists are sceptical about inferring causality from statistics and 
about how general and useful network models might be, so it is valuable 
to consider how causality and networks can be interpreted in the 
context of the relationship between genotype and phenotype. 

When carrying out a biological experiment, most people are content 
with the everyday theory of causation that dictates that one fact 
precedes a second and alters its probability (setting aside questions 
about the ontological status of probabilities). Empirical claims about 
links between causes and effects rely on assumptions (often implicit) 
and on statistical measures of confidence. Even when testing a simple 
single-gene perturbation, such as in a gene-knockout organism, it 
is assumed that inductive reasoning will lead to knowledge, that 
genotypes are fixed and that they causally precede phenotypes, and 
that all variables are fully controlled (for example, by comparing 
the experimental organisms with wild-type full siblings, by blinding 
observers to differences in treatment, and by carrying out randomized 
replications of the entire experiment). A researcher's confidence that 
the wild-type organism and the mutant organism show real differences 
is influenced by statistical tests (for example, the P value from a t-test), 
which are themselves typically laden with assumptions. 

In inferring probabilistic causal networks, the assumptions are more 
numerous, but the conceptual framework is the same. At the end of an 
analysis, the outcome is a claim about cause and effect, and this claim 
is accepted to an extent that is defined by the researcher's comfort 
with the assumptions and the statistics. For genetics experiments, the 
limits of comfort for most researchers lie not far beyond the single- 
gene perturbation experiment, and making inferences about a causal 
network is typically seen as a technique for nominating candidate genes 
for follow-up experiments. 

Whether networks exist is a popular topic at biology department 
happy hours, but it is not necessary to subscribe to the reality of a 
Platonic Network, an ideal form independent of the material world, in 
order to embrace the idea that there is a many-to-many relationship 
between causes and effects in biology. The more pressing question 
is which components are needed to represent such a network ina 
predictive model: molecules, interactions, dynamics, all of these, or 
more? Conveniently, the set of variables in a causal network is entirely 
circumscribed by the set of things that vary. A molecule or an event can 
be required for a biological process, but if it does not vary, then it cannot 
beacause. In that sense, causal networks in genetics are analogous 
to the geneticist's concept of heritability, which describes not the 
dependence of a trait on inherited genes but the proportion of the trait’s 
variation that can be explained by genetic variation in the observed 
sample. A causal network that is inferred from a genetically segregating 
population will therefore depend on the genetic variation that is 
present in the population and on the distribution of variation in the 
environment across the sampled individuals. Within that framework, a 
causal network constitutes a predictive model of the consequences of 
perturbing the represented variables. 


variation can cause phenotypic variation, but, at least within an indi- 
vidual, phenotype does not feed back to affect genotype. Therefore, in a 
properly controlled cross, genetic perturbations are causally upstream 
of phenotypes and provide a terra firma into which causal networks can 
be rooted***”~° (Box 2). 

There are several methods for causally ordering pairs of phenotypes 
measured in segregating populations, including approaches that simul- 
taneously map QTLs and fit causal models’, approaches that apply for- 
mal statistical tests to identify direct causal links”, and approaches that fit 
various causal models to triplets that comprise two traits and a QTL and 
then compare the fit of the models using information-theory criteria™. 

Analysis of the correlations between multiple traits that share an 
underlying QTL can also help to identify the causal gene within a QTL 
interval’**”** — the major challenge in quantitative genetics today. 
Many such analyses incorporate sources of information in addition to the 
correlations, including data on the binding sites of transcription factors, 
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the interactions between proteins, and the presence of polymorphisms 
in the sequences of each gene in the QTL. As a starting point, a gene 
that is found at the same location as a QTL for its own abundance is a 
strong candidate for the causal gene underlying variation in other traits 
that link to the same location, with the gene’s transcript abundance as a 
candidate causal trait”. 

The use of phenotypic correlations to identify causal transcripts is 
especially promising in the context of genome-wide association studies. 
These studies have recently uncovered a wealth of high-confidence, rep- 
licated associations between genetic variants and diseases in himans (see 
page 728), but the disease-associated variants are often in non-coding 
regions with unknown function*. The mechanisms that link genotype 
and disease in these cases can be identified by taking advantage of the 
structure of the correlations among transcript-abundance traits and dis- 
ease states in human populations*”**. In population-based association 
mapping, however, correlations between genotype and phenotype can 
arise from external causes that are common to the correlated variables, 
for example from the stratification of populations by age or ethnicity. 
Consequently, the causal ‘anchor’ provided by genotype in these cases 
is less secure than in the experimental setting of inbred line crosses. 
But studies in animal models can be used to corroborate findings, pro- 
viding reassurance’. 


Causal networks 

To gain a predictive, systems-level understanding of biological caus- 
ation, researchers need to integrate the entire ensemble of genetic vari- 
ants and phenotypic traits (and not just to causally order trait pairs). 
Several approaches aim at this more general goal, and Bayesian net- 
works provide the most popular framework’. A Bayesian network is a 
graph of random variables, each representing a phenotype in this case, 
that are connected by directed edges. A set of probability distributions 
describes the state of each variable conditional on the variables with 
edges leading to it. The graph and probability distributions define a 
conditional probability statement. One problem with using Bayesian 
network graphs is that several directed graphs can be described by a 


Figure 1| From genetic randomization to causal network. A genetically 
randomized population, such as a panel of recombinant inbred lines whose 
chromosomes carry random segments of genome from two progenitor 
strains (depicted in orange and blue) (a), is a starting point for linkage 
analysis of a phenotype. In this case, the phenotype is the abundance 

of transcripts corresponding to a gene denoted as gene 3. The 

abundance of gene 3 transcripts varies between the recombinant lines 

(b, left). Each point along the genome is tested to see whether it affects 

the abundance of gene 3 transcripts (b, centre and right), and statistical 
evidence is uncovered for the linkage of gene 3 with two regions (indicated 
by asterisks) (c). These regions are called QTLs. If a similar experiment 

is carried out for many transcript-abundance phenotypes (not just for 
gene 3, but for genes 1-10), the positions of the QTLs that affect transcript 
abundance (asterisks) can be plotted against the physical positions of 

the gene corresponding to each transcript (green stars) (d). In sucha 

plot, the data (red dots) along the diagonal line represent local linkages, 
typically due to cis-acting regulatory polymorphisms. Vertical alignments 
in the plot indicate linkage hotspots. The plot depicted implies a high- 
level causal network (shown in e), in which QTL variation is the cause of 
variation in transcript-abundance phenotype. Transcript-abundance QTLs 
can co-localize with QTLs for organismal phenotypes such as a disease 
(not shown); for illustrative purposes, disease is shown linked to QTL G. A 
goal of the reverse engineering of causal networks is to include phenotypes 
as variables, for example to determine whether the transcript abundances 
that are affected by QTL G are causes or effects of the disease. Although 
the traits are densely connected by correlations — as is evident from the 
hypothetical correlation network that is depicted (f), which connects all 
traits that share perturbations — a causal network (f) reveals that QTL G 
acts directly on gene 9, the transcript abundance of which affects genes 1, 
2, 4and 5. The transcript abundance of gene 2 is a cause of disease, 

which in turn alters the transcript abundances of genes 4, 7 and 10. Many 
transcripts are correlated with disease, but only perturbations of genes 2 
and 9 will affect disease outcome. 
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Box 2 | Causal ordering yields conditional independence 


The basis for causal inference can be shown graphically. Consider a 
population of haploid individuals with a single causal locus (G) that 
has two alleles. The allelic state at this locus causes variation in the 
abundance of the corresponding transcript (77), and additional sources of 
variation (genetic, environmental and stochastic) also influence T7. Data 
can be simulated with the allelic effect modelled as 8, and the additional 
variation modelled as normally distributed noise, e. Thus, T7=f,G+e, 
where Gis in a indicator variable for genotype. Variation in the abundance 
of T] causes variation in a downstream trait, T2, which is also affected by 
other sources of variation, so T2=B,11+y, where yis an additional noise 
term. The causal ordering is shown as a scheme in panel a of the figure, 
and simulated data are plotted in panel b of the figure. 

Data were simulated to represent 300 individuals. Each data point is 
coloured according to genotype (blue for one allele of G and red for the 


single conditional probability statement (as discussed earlier), so obser- 
vations of the random variables (the transcript abundances in this case) 
cannot uniquely identify the directed network that underlies the graph. 
Moreover, a second problem is that Bayesian network graphs are acyclic 
and therefore cannot model feedback regulation; the consequences of 
this limitation for the utility of Bayesian network are unclear’*!*”. A 
third problem is that the space of possible network graphs is large, mak- 
ing causal-network inference a computationally intractable problem’. 
These difficulties notwithstanding, transcript-abundance measure- 
ments from genetically segregating populations are uniquely suited to 
uncovering directed Bayesian networks for two main reasons”””. First, 
a trait that is caused by another trait should share an underlying genetic 
perturbation: a QTL. This simple filter excludes a huge proportion of 
the space of possible networks, making the problem tractable. Second, 
genetic perturbations anchor causal networks (as discussed earlier), 
giving direction to the edges. Although large-scale causal-network 
inference remains challenging, the incorporation of genetic data clearly 
improves the quality of the predictions over those derived solely from 
trait correlations”. 

In parallel with Bayesian network models, structural equation models 
have been applied to transcript-abundance data from segregating popu- 
lations**°". These models involve systems of linear equations organized 
into a network structure; a linear model is fitted with variables that simul- 
taneously function as predictors and responses. Although structural 
equations, unlike Bayesian networks, have the advantage of allowing 
feedback cycles to be modelled, they require the standard assumptions of 
linear modelling. Therefore, when nonlinear causal dynamics underlie 
transcript abundances, problems can arise. Bayesian networks typically 
deal with nonlinearity incidentally, by classifying all of the data into 
simple discrete categories (for example, upregulated, downregulated and 
unchanged), a simplification that has its own drawbacks”. 

An alternative approach is to generate a simple network from pairwise 
trait correlations and then to trim this network by testing for conditional 
dependence relationships”. The resultant undirected graph can then be 
directed by anchoring the edges in QTLs”. There are dear computational 
advantages to starting with a network that is derived from pairwise cor- 
relations. Because correlations between genes typically show modularity 
— with clusters of highly correlated genes being largely uncorrelated 
with other such dusters — pairwise analyses can break intractably large 
problems into problems that focus on individual modules”**””. 


other), and the mean values for each trait are indicated by a coloured 
line for each genotype. (For this simulation, genotypes were assigned 
indicator variables: red was assigned -1, and blue was assigned 1. The 
parameters used were 8, = 0.5 and e~ NCO, 1), yielding a zero-mean trait 
T1. For T2, B.=1and y~ NCO, 1), so 72 is simply T7 with additional noise.) 
The causal links mean that the traits, 77 and T2, are correlated with 
one another and that both are correlated with genotype (figure, b). 
Nevertheless, the relationship between T2 and Gis entirely mediated by 
T1. T2 conditional on T7is independent of genotype; the mean phenotype 
for each genotype is the same (figure, ¢). Conversely, the distribution of 
Ti conditional on T2 remains dependent on genotype (figure, d). It is the 
noise component of T7 variation, ¢, propagated through 72 that makes this 
mode of analysis possible, and it is the causal anchor of the genotype that 
gives it direction. 


Two recent studies on disease phenotypes in humans and mice used 
this shortcut of partitioning the transcript-abundance data into mod- 
ules of correlated traits*’’*. Breaking the problem down further, the 
authors compared causal orderings for pairs of transcript abundances 
and disease phenotypes, to see whether each transcript could be placed 
causally upstream of the disease state. A single module, evident in both 
mouse and human data, was significantly enriched for putatively causal 
traits; subsequent experimental manipulations corroborated these infer- 
ences. Although this is far from a complete reverse engineering of the 
genotype-phenotype map, these empirical successes (reducing genomic 
data to the two-trait ordering problem) point to a coming age in which 
prediction will be a common tool. 


Quantitative genetics is evolutionary genetics 

The central dogma that genes are causes of phenotypes within an indi- 
vidual aids in the anchoring of directed networks. But among individu- 
als, phenotypes feed back by selection to shape genes. Natural variation 
therefore samples a biased subset of possible genetic perturbations, a 
subset that is enriched for those variants that are not strongly deleteri- 
ous. Under the classic infinitesimal model of the genotype-phenotype 
map, variation derives from mutations of small effect with limited 
pleiotropy™. If this model holds, the modularity of networks inferred 
from natural variation’”*’**”” might be an epiphenomenon of natural 
genetic perturbations, the effects of which are less systemic than those 
of random mutations. 

The effect of selection is evident in the numbers and types of QTL 
detected in typical studies. James Ronald and Joshua Akey found that the 
proportion of genes showing local QTLs in a yeast cross is smaller than 
expected under neutrality, implying that negative selection keeps certain 
perturbations at low frequency”. Similarly, genes that are crucial regulators 
of essential processes are likely to be under-represented among genetically 
variable genes. Genes that encode transcription factors, for example, are 
clearly candidates when looking for the genes involved in varying gene 
expression, but these genes are largely absent from expression QTLs***. 
Nevertheless, links between transcription factors and target genes can be 
detected by causal inference approaches, even when the transcription- 
factor locus contains no genetic variation. The only requirement is that 
some phenotypic measure of the transcription factor’s activity (such as 
the abundance of the corresponding transcript) is causally intermediate 
between the genotype and the target gene’s phenotype”. 
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The effect of selection on the filtering of genetic perturbations varies 
according to the type of experimental population studied. Inbred line 
crosses often involve genetically divergent lines, chosen to maximize 
phenotypic or genotypic differences. The alleles that contribute to diver- 
gence are likely to differ in their allelic effects from those that contribute 
to standing variation (the ordinary genetic diversity present within a 
population)”. Crosses between divergent inbred lines are more likely 
to uncover rare large-effect mutations (that is, linkage hotspots) than are 
samples of individuals from large populations”. Such crosses might 
also be biased towards a subset of perturbations with large effect, not 
individually but in combinations, as a sesult of coadaptation®’. Pervasive 
genetic interaction means that causal links between pairs of genes will 
be poorly modelled, although there has been progress towards solving 
this problem recently’®. 

The suite of naturally occurring perturbations is also shaped by popu- 
lation genetics phenomena that are unrelated to the fitness effects of the 
perturbations themselves. Genetic variants tightly linked to other variants 
that are the target of selection are evolutionarily coupled to them, yielding 
a correlation between local recombination rate and levels of genetic vari- 
ation”, and mutagenic recombination can produce the same pattern™. 
Genes present in regions that undergo recombination at a low rate are 
less likely to contribute to the pool of genetic perturbations than genes in 
regions where recombination occurs frequently. If gene location is non- 
random with respect to recombination rate, then there might be fewer 
perturbations belonging to particular functional classes”. 


Prospects for genetical systems biology 

Causal network inference faces many difficulties, and its application 
to gene expression in segregating populations introduces additional 
challenges. Despite many published reports of empirical successes, it 
is important to consider the pitfalls that unpublished studies might 
have encountered. Many of these pitfalls are now well recognized, and 
there are clear paths around them, on both the experimental front and 
the analytical front, towards a richer understanding of the genotype- 
phenotype map. 

One of the most problematic assumptions that is made when drawing 
causal inferences from gene-expression data is that measurement errors 
are similarly distributed across traits. If a causal trait is poorly measured 
and the trait it affects is well measured, then the measurements of the 
‘effect trait’ might report the true values of the causal trait more accu- 
rately than measurements made directly on the causal trait itself**°". In 
such cases, conditional correlation approaches can yield inverted infer- 
ences (Fig. 2). There are good biological reasons to be concerned about 
this situation. For example, regulatory molecules are often present at low 
abundances in a cell, but their effects are amplified by the dynamics of 
gene regulation. Thus, variation in the number of transcripts encoding 
a low-abundance transcription factor might be the cause of variation 
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Figure 2 | Measurement error can confuse causal inference. The effect of 

errors in measurement on causal inference is depicted for the population, 

parameters and conditions set out in Box 2. In brief, a population of haploid 

individuals has a single causal locus (G) with two alleles, and the allelic 

state at this locus causes variation in the abundance of the corresponding 

transcript (T1), which subsequently affects the abundance of another 

transcript (T2). a, The measured values of T1 and T2 in this example 

were simulated as their true values from Box 2 plus normally distributed 

error, yielding T1’ and T2’. For TI’, the error is normally distributed with 

a variance of 2, whereas the variance of T2’ is tenfold lower. The causal 

ordering of this scheme is shown. b, T1’ and T2’ are correlated with one 
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in the number of transcripts encoding a high-abundance structural 
protein. The difficulty arises in that the high-abundance transcripts 
might be easy to measure with great precision, whereas the low- 
abundance transcripts might be present at the threshold of detection. 
One possible solution is to return to the early designs of microarray 
experiments, when technical replicates were routine. Taking multiple 
independent measurements of transcript abundances from a single bio- 
logical sample would generate empirical parameters for gene-specific 
error models. The potential to be misled when making causal inferences 
underscores the point that a causal inference yields an assumption-laden 
probability statement, and stronger claims about causality need to be 
experimentally validated’. 

Another concern is that data for transcript-abundance mapping 
are derived from mixed populations of cells. Consequently, the meas- 
urements describe cellular mixtures, the characteristics of which are 
determined by developmental and cellular demographics***®’. This 
is as true for yeast, which has been studied by measuring unsynchro- 
nized cultures (which contain cells at different stages of the cell cycle), 
as it is for animals and plants, in which tissues or whole organisms are 
assessed. A study of mice that varied genetically in the cell-cycle timing 
of their haematopoietic stem cells took advantage of the issue of mixed 
cell populations to identify which genes were expressed differentially in 
the different cell populations”. 

A related issue is that networks inferred from segregating populations 
are static representations. Without time-series data, there can be no 
account of dynamics. Inferred causal links correspond to perturbations 
that alter the steady state. In a system with feedback, which is likely to 
include almost all biological steady states, the causal links will describe 
only the causes that ‘win out’ over others in shifting the phenotypic bal- 
ance”. For practical considerations of whether it is possible to predict 
how novel perturbations will affect steady states, these low-dimension 
projections of the network might be adequate; however, for true reverse 
engineering, more-complete models are needed. Time-series data have 
proved exceptionally important for solving the general problem of 
causal-network inference’, and it is dear that integrating such infor- 
mation into studies of genetic variation will improve the knowledge 
gained from these studies. 

Many network-inference methods depend on the inclusion of all 
causal variables in the models’, but such completeness is not plausible for 
most biological networks. Some phenotypic causes will be overlooked 
because they are not measured: for example, unannotated genes, genes 
present in structural polymorphisms that are absent from reference 
genomes, and transcripts of small RNAs. In addition, the abundances 
of metabolites are typically not considered, although much progress 
has been made in this area recently’. Regulatory events for which 
there are no transcriptional indications (for example, post-translational 
regulation) will also be missed, although again progress is occurring on 
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another and linked to the genotype, which is represented by the colours 
(blue for one allele of G and red for the other). However, the conditional 
correlations are now misleading with respect to the true causal network 
(shown in a). ¢, T2’ remains dependent on genotype after taking T1’ into 
account, which is unexpected given the causal ordering (a) (and given that 
T2 conditional on T1 does not depend on genotype; Box 2 figure, panel c). 
d, TI’ is nearly independent of genotype after taking T2’ into account, 
which is also unexpected given the causal ordering (a) (and given that T1 
has been shown to depend on genotype; Box 2 figure, panel c). In total, 
the effect of the differences in measurement error is to make T2’ a better 
measure of the true T1 than T1’ itself. 
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this front*”*. Some missing causal links will arise from an organism's 
history, because genotypic variables act across an individual’s lifespan. 
For example, the expression of a gene that acts early in an organism's 
life might show no correlation with the phenotypes it affected at the 
time of measurement, but the gene-trait relationship will remain®. The 
catalogue of genetic causes will also be incomplete. For large numbers of 
gene-expression traits, the underlying genetic variants that affect their 
expression will be undetected because of insufficient power*®. A simple 
solution to this problem is to use larger sample sizes, and on this front 
progress is also being made”. 

Finally, the realm of biological causes is enormous’, and most experi- 
ments limit exploration to a tiny controlled corner of this realm (Box 1). 
Studies of common lines in multiple environments are now providing 
the first steps towards integrating genetic perturbations and environ- 
mental perturbations into a single view of causal networks’””’. Analysing 
transcript abundances across multiple tissues and sexes is equally impor- 
tant for studying context-dependent causal networks, because each cell 
type provides a distinct environment for the genome™”’*”*. Ultimately, 
as data collection becomes more rapid and less expensive, researchers 
will be able to study a broader range of conditions. 

Natural genetic variation is the stuff of evolution and the cause of herit- 
able susceptibility to diseases. Its properties are fundamentally impor- 
tant to a wide range of biological disciplines. It is therefore fortunate 
that natural genetic variation has the character of an ideal multifactorial 
perturbation, providing a natural experimental design that is helping 
researchers to uncover the mechanistic basis of the map that connects 
genotype to phenotype. As the molecular catalogues of genomics yield 
to the integrated models of systems biology, natural genetic variation will 
have an increasingly central role. a 
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BRIEF COMMUNICATIONS ARISING 


FCA does not bind abscisic acid 


Arising from: Fawzi A. Razem, Ashraf El-Kereamy, Suzanne R. Abrams & Robert D. Hill Nature 439, 290-294 (2006) 


The RNA-binding protein FCA promotes flowering in Arabidopsis’. 
Razem et al.* reported that FCA is also a receptor for the phytohor- 
mone abscisic acid (ABA). However, we find that FCA does not bind 
ABA, suggesting that the quality of the proteins assayed and the sensi- 
tivity of the ABA-binding assay have led Razem et al. to erroneous 
conclusions. Because similar assays have been used to characterize 
other ABA receptors**, our results indicate that the ABA-binding 
properties of these proteins should be carefully re-evaluated and that 
alternative ABA receptors are likely to be discovered. 

FCA promotes flowering by transcriptionally silencing the floral 
repressor FLOWERING LOCUS C(FLC) as well as altering the express- 
ion of other genes*’. FCA contains two amino-terminal RNA-binding 
domains and a carboxy-terminal tryptophan-tryptophan (WW) 
domain that binds FY, a homologue of a yeast RNA 3’-end processing 
factor*. Razem et al.” reported that binding of ABA to FCA prevented 
the interaction with FY, although ABA did not bind directly to the WW 
domain. Given the reported affinity of ABA for FCA (Kg 19nM)’, we 
expected that low concentrations of ABA would disrupt the FCA—FY 
interaction. However, FY was still efficiently pulled down by FCA 
(Fig. 1), even when 5mM (+)-ABA was added (~1,000 fold molar 
excess). This shows that ABA does not disrupt the FCA"-FY interaction. 

To assess directly the ability of FCA to bind ABA, we used [*H]- 
(+)-ABA. Initially we measured ABA binding to crude protein 
extracts obtained from 14-day-old Arabidopsis seedlings, as reported 
previously’. Although we detected binding to crude extracts (Fig. 2a), 
no evidence for binding of ABA to two soluble FCA proteins 
(FCA(AN295), residues 296-747, and the more stable FCA(AN443), 
residues 444-747) was obtained (Fig. 2b). We also failed to detect an 
interaction between unlabelled (+)-ABA and soluble FCA(AN443) 
using isothermal titration calorimetry (data not shown). The condi- 
tions used would have detected an interaction with a maximum K, of 
30 uM*"®. Re-evaluation of the data reported by Razem et al.’ revealed 
other inconsistencies. Notably, the FCA protein used by us was pro- 
duced from the same construct (a gift from the Dean laboratory) that 
gives rise to a GST-FCA fusion of ~76kDa (GST is ~27kDa and 
FCA(AN295) is ~49 kDa); however, Razem et al.” reported that they 
used an ~66kDa protein. Therefore, because 10 tig of protein was 
used in each assay, the final concentration of protein must have been 
at least 877 nM, yet binding was saturated after addition of only 50 nM 
ABA (refer to Fig. 1c in Razem et al.”). This either indicates that ABA is 
binding to a minor component or that the concentrations used may 
have been inaccurately determined. 
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Figure 1| ABA does not inhibit the FCA-FY interaction. Soluble 
thioredoxin (Trx)-tagged FY is pulled down by GST-FCA(AN295) even in 
the presence of 5 mM (+)-cis, trans-ABA (~1,000-fold molar excess). (+)- 
ABA was solubilized in methanol. The concentration of ABA used in each 
sample is indicated; M-only represents addition of methanol alone. 


Two other ABA receptors have been reported: the plastid-assoc- 
iated Mg-cheltase H subunit (CHLH)’ and a protein originally iden- 
tified as a membrane-bound G-protein-coupled receptor 2 (GCR2)*. 
Because similar methods have been used to characterize the ABA- 
binding properties of FCA’, CHLH’ and GCR2 (ref. 4), our binding 
data question the role of these proteins as ABA receptors. Our work 
casts particular doubt over the role of GCR2, because FCA was used 
as a positive control in experiments showing that GCR2 binds ABA*. 
The possibility that GCR2 may not be an ABA receptor is consistent 
with recent publications showing that GCR2 is a LanC family mem- 
ber and not a G-protein-coupled receptor", and that gcr2 loss-of- 
function mutant lines do not have an altered response to ABA”. 

We therefore find no evidence to indicate that FCA is an ABA 
receptor. An inherent problem with the ABA-binding assay is the 
inability to remove unbound ABA from samples efficiently. This 
means that small changes in the total amount bound are difficult 
to detect accurately and careful data analysis is required. 
Alternative methods such as isothermal titration calorimetry should 
be used to validate ABA binding instead. 

Note added in proof: The Razem et al. paper’ has been retracted. 
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Figure 2 | FCA does not bind ABA. a, ABA binds to Arabidopsis plant 
extract. For assays, 25 lg of crude plant extract’ and 1 jig of BSA were used. 
b, Recombinant purified FCA does not bind ABA. Assays contained 50 ng of 
FCA(AN443) or FCA(AN295); BSA was added so that each sample 
contained 1 1g of protein. The purified proteins used are shown. For all 
assays, binding relative to the buffer alone is shown. The background counts 
(~25% of the total counts added) that remained in buffer-only controls are 
set at 100%. Error bars indicate mean = s.d.; n = 3, assays were carried out in 
triplicate using three different protein preparations. 
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BRIEF COMMUNICATIONS ARISING 


METHODS SUMMARY 


Proteins were purified using either a glutathione S-transferase (GST) tag (FCA 
constructs) or a His tag (thioredoxin—FY) after expression in Escherichia coli. The 
GST-pull-down assay was carried out according to Razem ef al.’, in sucrose 
binding buffer’* (200 pl) at pH 7.0 with 0.5 mM DTT, 0.1% Tween, and (+)- 
cis, trans-ABA (AG Scientific, Inc.), as indicated. For washes, sucrose binding 
buffer contained 0.2% Tween. 

ABA-binding assays were as reported*", except the total volume was 50 or 
100 pl and unbound (H]-(+)-ABA (GE Healthcare; 46 CimMol !) was 
removed with 25 or 50 pl of 0.5% dextran-coated charcoal. To determine bind- 
ing, three independent protein preparations were assayed in triplicate. 
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Brain metabolism dictates the polarity of 
astrocyte control over arterioles 


Grant R. J. Gordon’, Hyun B. Choi’, Ravi L. Rungta’, Graham C. R. Ellis-Davies” & Brian A. MacVicar’ 


Calcium signalling in astrocytes couples changes in neural activity to alterations in cerebral blood flow by eliciting 
vasoconstriction or vasodilation of arterioles. However, the mechanism for how these opposite astrocyte influences provide 
appropriate changes in vessel tone within an environment that has dynamic metabolic requirements remains unclear. Here 
we show that the ability of astrocytes to induce vasodilations over vasoconstrictions relies on the metabolic state of the rat 
brain tissue. When oxygen availability is lowered and astrocyte calcium concentration is elevated, astrocyte glycolysis and 
lactate release are maximized. External lactate attenuates transporter-mediated uptake from the extracellular space of 
prostaglandin E>, leading to accumulation and subsequent vasodilation. In conditions of low oxygen concentration 
extracellular adenosine also increases, which blocks astrocyte-mediated constriction, facilitating dilation. These data reveal 
the role of metabolic substrates in regulating brain blood flow and provide a mechanism for differential astrocyte control 


over cerebrovascular diameter during different states of brain activation. 


In the brain, regional changes in neural activity trigger localized 
alterations in cerebral blood flow' through astrocyte activation”’®. A 
rise in intracellular free calcium concentration ({Ca**];) within 
astrocyte endfeet, which collectively circumscribe all cerebral vessels‘, 
initiates vasoconstriction*’ or vasodilation®®*'°. Cerebral blood 
flow couples to the lactate/pyruvate ratio and the related nicotina- 
mide adenine dinucleotide (NADH)/NAD* ratio'*, but links 
between these metabolic substrates and the mechanisms of cerebral 
blood flow regulation remain unresolved. We tested the hypothesis 
that the metabolic state of the tissue, altered by oxygen (O3) availa- 
bility, dictates the type of astrocyte influence on arteriole diameter. At 
the onset of neural activity dendrites rapidly consume O) (ref. 14), 
leading to a reduction in oxygen pressure (po2)'*'” and oxyhae- 
moglobin'*’’, which occurs before the increase in cerebral blood 
flow. Brain metabolism then shifts, whereby glycolysis is 
enhanced”! in astrocytes’ and lactate is released*”**. Lactate is 
vasoactive'** and dynamically alters microvasculature diameter in 
an O,-dependent manner”. Vasodilation occurs in the brain region 
experiencing the O, drop, whereas vasoconstriction ensues in the 
inactive surrounding area”. Delineating the cellular processes 
responsible for O2-metabolic effects on cerebral blood flow may be 
crucial for treating stroke and vascular dementia, as well as aiding in 
our understanding of neurovascular coupling for the scientific and 
diagnostic uses of functional magnetic resonance imaging. 


Po2 converts polarity of vessel response 

We tested whether po2 consistently determined if vasoconstrictions 
or vasodilations were evoked by synaptic activation or by astrocyte 
Ca** transients in rat brain slices. In response to periodic 10-20-Hz 
stimulation of the hippocampal CA3—CA1 pathway in conditions of 
high O, concentration (95%) arterioles constricted (81.4 + 3.8% 
(100% = control diameter), 1 = 6, P< 0.007), whereas the same ves- 
sel in low O, concentration (20%) dilated (107.6 + 0.7%, n= 6, 
P<0.005, P< 0.0003 to each other, Fig. la—c) in response to the 
same stimulation. To determine the impact of poz on astrocyte con- 
trol of arteriole diameter we applied the metabotropic glutamate 


receptor (mGluR) agonist (+)-1l-aminocyclopentane-trans-1,3- 
dicarboxylic acid (tACPD) (100uM), which potently increased 
astrocyte [Ca7"],?5*8 (240.0 + 19.1%, n= 14, P<0.001, Fig. 2a) 
and caused arteriole dilation in conditions of low O, concentration 
(107.0 + 0.8%, n = 23, P< 0.001, Fig. 2a, f) but constriction in con- 
ditions of high O, concentration’ (85.4 + 4.0%, n= 10, P< 0.006, 
Fig. 2f). Next we used two-photon photolysis of the Ca" cage 
dimethoxy-nitrophenyl-EGTA-4 (DMNPE-4)” to liberate directly 
astrocyte Ca** and examine the vessel response. Uncaging 
DMNPE-4 triggered a Ca** wave that spread to multiple astrocyte 
endfeet (Fig. 2b, c). In contrast to previous results in conditions of 
high O, concentration where astrocyte endfeet Ca”* caused constric- 
tion’, in conditions of low O, endfeet Ca”* (232.2 + 8.5%, n= 17, 
P<0.001) caused dilation (107.4 + 1.0%, n= 17, P< 0.003, Fig. 2b, 
c, f). These data indicate that po, dictates the direction of arteriole 
diameter change when astrocytes are activated (Supplementary Fig. 2 
for Po2 Measurements). 


Vasodilation requires COX and PGE, 


Astrocyte Ca** activates cytosolic phospholipase A, triggering 
formation of arachidonic acid that is either converted to 20-hydro- 
xyeicosatetraenoic acid (20-HETE) in smooth muscle cells causing 
vasoconstriction’ or to the vasodilator prostaglandin E, (PGE,) in 
astrocytes via cyclooxygenase (COX)””. We verified COX1 and 
COX2 expression in astrocytes and their endfeet (Supplementary 
Fig. 3). The COX inhibitor indomethacin (100 1M) blocked vasodi- 
lations caused by tACPD (98.4 + 0.8%, n= 9, P< 0.0001 to tACPD 
alone, Fig. 2f) and by caged Ca** photolysis (101.0 + 0.5%, n= 6, 
P<0.002 to uncaging alone, Fig. 2d, f) in conditions of low O, 
concentration. Application of the COX product PGE, (1 [1M) elicited 
vasodilation (109.4 + 2.7%, n=4, P<0.05, Fig. 2e), confirming 
COX activation and that the generation of PGE, is an important 
signalling molecule in astrocyte-mediated vasodilations in condi- 
tions of low O, concentration”’. 

We investigated how changing po, could modify the type of astro- 
cyte influence on arterioles. Lowering po2 may elevate anaerobic 
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Figure 1| Lowering po converts vasoconstriction to vasodilation. 

a, Arteriole before and after synaptic activation in high O) (left) and low O2 
(right). Dashed vertical lines indicate the previous position of the vessel wall. 
b, Top: vessel lumen diameter changes over time in the same vessel shown in 
a. Arrows indicate time of afferent stimulation. Bottom: two expanded 
timescales show the stimulation protocol (350-ms, 20-Hz train repeated 5 
times at 0.75 Hz) and the first train of the field excitatory postsynaptic 
potentials evoked, verifying synaptic activity. c, Summary data (n = 6). In all 
figures, experimental values are the mean + s.e.m. Double asterisk, P < 0.01. 


metabolism, increasing external lactate. Notably, the action of PGE, 
is terminated when prostaglandin transporters (PGTs) take up PGE, 
by an exchange of intracellular lactate**. Owing to the influence of a 
lactate concentration gradient on PGT efficacy, we tested the hypo- 
thesis that higher levels of extracellular lactate reduce PGT uptake of 
PGE), thereby increasing the external PGE, concentration resulting 
in vasodilation. Immunohistochemistry revealed that PGT was 
expressed in astrocyte endfeet (Fig. 3a) and neurons (Fig. 3b), indi- 
cating that both cell types take up PGE). Consistent with a positive 
correlation between external lactate and external PGE>, low O> con- 
centration enhanced both lactate release (low Oj, 114.2 + 9.1 uM, 
n= 6; high O,, 41.9+5.6uUM, n= 6, P<0.001, Fig. 3c) and extra- 
cellular PGE, levels when PGE; production was triggered by tACPD 
(low O>, 136.1 + 10.2 pgml', n= 6; high O3, 91.9 + 12.6pgml ', 
n= 4, P<0.001, Fig. 3d). Addition of lactate (1 mM) enhanced the 
PGE, level (control, 40.5+3.3pgml'; with _ lactate, 
58.0 + 3.1 pgml_',n=5, P<0.01) and increased arteriole diameter 
(107.5 + 1.0%, n= 15, P<0.0001, Fig. 3e—g). Lactate-induced dila- 
tions were blocked by indomethacin (100.4+0.4%, n= 11, 
P<0.0001 to lactate alone, Fig. 3g), indicating that they were 
mediated by PGE, via the COX pathway. These data indicate that 
in low OQ, concentration higher levels of extracellular lactate raise 
external levels of PGE. 


Vasodilation requires lactate 


We examined the role of astrocyte glycolysis in lactate production 
by imaging the intrinsic fluorescence of the metabolic electron carrier 
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Figure 2 | O2-mediated conversion to astrocyte-mediated vasodilation 
requires COX and PGE). a, Top: astrocytes (red) surround arteriole. 
Bottom: astrocyte Ca”* signals occur coincident with vasodilation caused by 
the mGluR agonist tACPD in low O,. b, Top: uncaging astrocyte Ca”* causes 
vasodilation in low O). Bottom: expanded timescale shows that astrocyte 
endfoot Ca”* precedes diameter increase. ¢, Vessel and pseudo-coloured 
endfoot Ca** changes corresponding to times in b. d, Blocking COX 
prevents vasodilation caused by uncaging Ca** in low O3. e, PGE, causes 
vasodilation in low O,. f, Summary data. Asterisk, P< 0.05; double asterisk, 
P<0.01. 


NADH”. Two-photon excitation of NADH provides a measure of 
both oxidative metabolism (punctate mitochondrial fluorescence) 
and glycolytic metabolism (diffuse cytosolic fluorescence)'*. We 
observed that astrocytes, stained with SR-101 (ref. 31), showed dif- 
fuse NADH fluorescence in the soma and endfeet (Fig. 3h, i). 
Stimulating glycolysis with low O, increased the astrocyte NADH 
signal (124.6 + 1.4%, n= 5, P< 0.003, Fig. 3i, j) and inhibiting gly- 
colysis with iodoacetate (200 uM) reduced basal NADH levels 
(87.8 + 2.0%, n= 5, P< 0.004, Fig. 3k). Inhibiting lactate dehydro- 
genase (LDH, which converts pyruvate and NADH to lactate and 
NAD*; Supplementary Fig. 1) with oxamate (2.5mM) increased 
NADH (119.3 + 2.0%, n= 6, P< 0.004, Fig. 31). These data indicate 
that astrocyte glycolysis can be augmented by reducing pop. 

Recent two-photon NADH imaging demonstrated an increase in 
astrocyte glycolysis caused by neuronal activity'*. We proposed that 
mGluR activation enhances astrocyte glycolysis in conditions of low 
O», promoting increases in extracellular lactate and vasodilation. 
tACPD triggered an increase in astrocyte NADH (128.7 + 4.1%, 
n=7, P<0.0005, Fig. 4a-e) coincident with lumen widening 
(108.5 + 0.7%, n= 7, P<0.01, Fig. 4b, c). tACPD enhanced extra- 
cellular lactate, which was greatest in low O, (low On, 
186.7 + 11.2 uM, n= 6; high O3, 98.6 + 10.2 uM, n=7, P<0.001, 
Fig. 4f). For additional NADH measurements see Supplementary 
Figs 4 and 5. We used two pharmacological treatments to limit lactate 
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Figure 3 | Low O, facilitates lactate and PGE, release and enhances 
astrocyte glycolysis. a, b, Immunohistochemistry showing that astrocyte 
endfeet and neurons express PGT. ¢, Lactate release is elevated in conditions 
of low OQ. d, tACPD increases PGE, release most in conditions of low O>. 
e-g, Lactate dilates arterioles and requires COX. Double asterisk, P < 0.01. 
h, Metabolic NADH signal (green image stack) in astrocytes (red image 
stack). i, Low O, increases NADH signal. j, Astrocyte NADH changes caused 
by low O,. k, I, Astrocyte NADH in response to glycolysis inhibition with 
iodoacetate (IA, k) or LDH inhibition with oxamate (I). Green traces are 
single experiments; grey traces are summary data. 


release. Using iodoacetate to block the source of lactate, tACPD 
instead decreased astrocyte NADH (81+ 0.4%, n=5, P<0.0001 
to tACPD alone, Fig. 4g) and failed to dilate vessels (97.8 + 0.2%, 
n=5, P<0.0001 to tACPD alone, Fig. 41). The NADH signal 
decrease was probably due to tACPD-induced astrocyte swelling. 
Using oxamate to curtail lactate formation, tACPD still increased 
astrocyte NADH (112.8+3.1%, n=6, P<0.02, Fig. 4h; see 
Supplementary Fig. 1), yet vasodilations no longer occurred 
(99.0 + 0.1%, n= 6, P<0.0001 to tACPD alone, Fig. 4i). The lack 
of dilation was associated with reduced extracellular lactate (tACPD, 
180.2+11.9uM, n=6; plus iodoacetate, 88.2+8.8uM, n=6, 
P<0.001; plus oxamate, 89.1+6.6uM, n=6, P<0.001, Fig. 4j) 
and PGE, (tACPD, 154.0 + 10.1pgml ', n= 4; plus iodoacetate, 
115.4+10.6pgml', n=6, P<0.001; plus  oxamate, 
94.6+7.6pgml ', n=6, P<0.01, Fig. 4k). Because PGE, is the 
final effector molecule on smooth muscle cells, we rescued vasodila- 
tion with PGE, in iodoacetate (109.0 + 1.3%, P<0.002, n=5, 
Fig. 41) or in oxamate (109.2 + 2.2%, P<0.02, n=5, Fig. 4i and 
Supplementary Fig. 6). These data demonstrate that inhibition of 
glycolysis or LDH limits extracellular lactate and PGE, accumulation 
in response to tACPD in low O, conditions, preventing astrocyte- 
mediated vasodilations. 


Adenosine blocks vasoconstriction 

Our data do not yet explain why vasoconstrictions are absent in low 
Oz. A low-O,z environment causes an elevation in extracellular 
adenosine*”*’, and adenosine A2A receptors reduce smooth muscle 
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Figure 4 | Glycolysis and lactate release is required for vasodilations. 
a—d, Astrocyte NADH increases (measurements from the regions of interest 
(ROIs)) coincident with vasodilation in response to tACPD in low O>. 

e, tACPD increases cytosolic NADH in astrocytes. f, tACPD increases 
extracellular lactate most in conditions of low O2. g, tACPD decreases 
astrocyte NADH during glycolysis inhibition with iodoacetate (IA). 

h, tACPD increases astrocyte NADH during LDH inhibition with oxamate. 
Green traces are single experiments; grey traces are summary data. i, tACPD 
fails to dilate vessels in the presence of oxamate or iodoacetate, and PGE, 
rescues vasodilation in these compounds. j, k, The increase in lactate and 
PGE, levels caused by tACPD is reduced in oxamate and iodoacetate. 


cell Ca** channel activity, which normally acts to induce smooth 
muscle cell contraction. We hypothesized that A2A receptor activa- 
tion prevents astrocyte-mediated vasoconstriction. Adenosine also 
suppresses synaptic glutamate release through the Al receptor”; 
thus, we confirmed an elevated adenosine concentration in low O, 
when the Al receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine 
(DPCPX; 100 nM) increased the slope of the extracellular field poten- 
tial (low O2, 277.7 + 63.6%, n= 9; high Oz, 99.1 + 7.1%, P< 0.05, 
n=5, Fig. 5a) and decreased the paired-pulse ratio (low Oz, 
1.79 + 0.04; plus DPCPX, 1.42 + 0.05, P<0.0001, n= 9; high Os, 
1.47 + 0.01; plus DPCPX, 1.49 + 0.03, P>0.5, n=5, Fig. 5a) only 
in low O). In the presence of adenosine (100 11M), uncaging astrocyte 
Ca** in high O, concentration resulted in no vasoconstriction 
(99.6 + 0.9%, P> 0.6, n= 4, Supplementary Fig. 7). After an initial 
uncaging event that caused constriction (87.1 + 1.3%, P<0.002, 
Fig. 5b), the A2A receptor agonist CGS21680 (1 1M) blocked sub- 
sequent constriction (99.3 + 0.5%, P< 0.0004 to constriction, n = 7, 
Fig. 5b) despite similar astrocyte Ca*~ signals (F/Fy = 179.9 + 10.9%; 
plus CGS21680 F/Fy = 173.8 + 10.3%, n= 7, P> 0.7). A2A receptor 
activation did not affect PGE, in response to tACPD (217.0+ 
20.4%, n= 5; plus CGS21680, 186.6 + 12.1%, n= 6, P> 0.2), allow- 
ing vasodilations to proceed in low O3. These data demonstrate that 
increasing extracellular adenosine levels, which occurs in low O;, 
prevents astrocyte-mediated vasoconstriction, thereby facilitating 
the switch to vasodilation. 
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Figure 5 | Raising adenosine and PGE, levels converts the vessel response. 
a, Enhancement of synaptic transmission by DPCPX shows that 
extracellular adenosine is elevated in conditions of low O, concentration. 
Scale bars: 0.3 mV, 5 ms. EPSP, excitatory postsynaptic potential. b, In 
conditions of high O, concentration uncaging Ca”" fails to cause 
vasoconstriction in the presence of the A2A receptor agonist CGS21680. 

c, T34 blocks lactate from increasing PGE) levels. NS, not significant. 

d, Summary of vessel responses. Values for lactate plus T34 and tACPD plus 
T34 were normalized to T34 baseline. e, In conditions of high O 
concentration uncaging Ca”* in adenosine and lactate triggers vasodilation 
instead of vasoconstriction. f, In conditions of high O2 concentration vessel 
responses caused by uncaging Ca** convert from vasoconstriction to 
vasodilation in the presence of adenosine and T34. 


Lactate attenuates PGT efficacy 

We pharmacologically inhibited PGTs to raise extracellular levels of 
PGE, and examine the effect on arterioles. Blockade of PGTs with 
TGBz T34 (ref. 35) (hereafter called T34) (20M) elevated PGE, 
levels (669.0 + 110.8%, P< 0.0001, n= 4, Fig. 5c) and dilated arter- 
ioles (107.0 + 0.8%, P< 0.001, n = 7, Fig. 5d), indicating tonic PGE 
uptake. Adding tACPD further enhanced the PGE, level (T34 plus 
tACPD, 1,048.9 + 173.6%, P< 0.02 compared to T34, n = 3, Fig. 5c) 
and caused further dilation (T34 plus tACPD, 109.1 + 1.3%, 
P<0.0004 from T34 baseline, n = 7, Fig. 5d), indicating that PGE, 
release occurs by diffusion and not by the transporter*®. However, 
adding lactate did not further augment PGE, (T34 plus tACPD plus 
lactate, 1,134.2 + 138.7%, P>0.4 compared to T34 plus tACPD, 
n=4, Fig. 5c) in contrast to the additive effects of lactate and 
tACPD without T34 (lactate, 124.04 11.9%, P<0.02, n=3; 
tACPD, 145.6+ 11.6%, P<0.001, n=6; lactate plus tACPD, 
207.0 + 24.3%, n= 3, P<0.005 to tACPD or lactate alone, Fig. 5c). 
Dilation caused by T34 was not increased further by lactate (T34 plus 
lactate, 99.4 + 1.4%, P> 0.1 from T34 baseline, n = 9, Fig. 5d). These 
data indicate that T34 occludes the lactate effects of raising PGE and 
causing vasodilation. This demonstrates that PGT efficacy controls 
the PGE; level and thus vascular tone. 


PGE, and adenosine convert constrictions 


We reasoned that adding lactate (100 1M to 1 mM) and adenosine 
(100 tM) in conditions of high Oz would enable astrocyte-mediated 
constrictions to convert to dilations by attenuating PGE, uptake and 
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blocking vasoconstriction, respectively. Under this condition, Ca7* 
uncaging now resulted in dilation (107.5 + 1.4%, P< 0.004 to aden- 
osine alone, n= 9, Fig. 5d, e), despite equivalent Ca’* signals in 
astrocyte endfeet compared with adenosine alone (adenosine, 
F/Fy = 160.4+6.1%, n=4; plus lactate, F/Fy = 159.6 +5.1%, 
P>0.8, n=9, Supplementary Fig. 7). We hypothesized that PGT 
blockade by T34 in high O2 would have a similar result by reducing 
PGE, uptake, thereby raising extracellular PGE. In the same vessel, 
an initial uncaging event caused constriction (87.4 + 1.8%, 
P<0.009, Fig. 5d, f) but a second uncaging event in the presence 
of T34 and adenosine caused dilation (108.7 + 1.4%, n =5, P< 0.02, 
P<0.0001 to constriction, Fig. 5d, f). These data indicate that astro- 
cytes induce vasodilation over vasoconstriction when constrictions 
are prevented by adenosine and PGE, uptake is reduced by elevated 
lactate. 

Here we show that by lowering po, astrocyte-induced responses 
convert to vasodilations from vasoconstrictions. Astrocyte Ca** 
transients from mGluR activation trigger the synthesis of diffusible 
arachidonic acid and PGE). In high O3, extracellular PGE) is rapidly 
cleared by PGTs as a result of low extracellular lactate levels. This 
keeps extracellular PGE, levels low and allows astrocyte-derived 
arachidonic acid to constrict arterioles’. In low O,, astrocyte gly- 
colysis is enhanced and extracellular lactate increases. High external 
lactate hinders PGE, clearance and increases extracellular PGE), 
which dilates arterioles. In addition, increased adenosine release in 
low O, inhibits astrocyte-mediated vasoconstrictions at the level of 
smooth muscle cells, blocking the effect of arachidonic acid 
(Supplementary Fig. 1). Flow through blood vessels is proportional 
to vessel radius to the fourth power; therefore, a ~9% change in 
arteriole diameter reported here equates to a ~45% increase in 
cerebral blood flow. This change is consistent with astrocyte- 
mediated vasodilations observed in vivo® and can account for cereb- 
ral blood flow changes measured by positron emission tomo- 
graphy’ and with two-photon microscopy” during 
physiological activation. Previous studies on the bidirectional con- 
trol of vessel diameter implicated different populations of GABA 
neurons”’, nitric oxide levels® and pericytes*'. Our data indicate that 
the separate yet competing molecular pathways regulating cerebral 
blood flow from astrocytes would reach an equilibrium, which shifts 
depending on the degree of metabolic activity. Under more qui- 
escent periods when O) is not being rapidly consumed, astrocyte 
Ca** signals induce constrictor tone, keeping cerebral blood flow at 
an appropriate lower level. During more active periods, the drop in 
Po2 from oxygen consumption and the rise in extracellular lactate 
and adenosine promote astrocyte-mediated dilation. Manipulating 
this balance may be a therapeutic avenue for treating the inappro- 
priate declines in cerebral blood flow that occur in some dementias 
and after stroke. 


METHODS SUMMARY 


Hippocampal—neocortical slices were prepared from juvenile (postnatal age 16— 
21 days), male, Sprague-Dawley rats. Treatment of animals was approved by the 
University of British Columbia Animal Care and Use Committee. Artificial 
cerebrospinal fluid (ACSF) bubbled with 95% O , 5% CO, was defined as high 
O, and 20% O,, 5% CO3;, balanced N3, was defined as low O). Astrocytes were 
loaded with the Ca?* cage DMNPE-4/AM (10 uM) and/or the Ca’* indicator 
rhod-2/AM (101M) as previously described*. A two-photon laser-scanning 
microscope (Zeiss LSM510-Axioskop-2 fitted with a 40X-W/0.80 numerical 
aperture objective lens) coupled to a Chameleon ultra-tunable ultra-fast laser 
(~100-fs pulses 76 MHz, Coherent) provided excitation of rhod-2, intrinsic 
NADH and was used for uncaging Ca**. Arterioles were imaged by acquiring 
the transmitted laser light and using IR-DIC optics. Quantification of lumen 
diameter, NADH and Ca** changes were performed with Zeiss LSM (version 
3.2) software and ImageJ. The assay used for measuring PGE, release was Specific 
Parameter PGE, ELISA kits (R&D systems). Extracellular lactate levels were 
measured using a lactate assay kit (Biomedical Research Service Centre). 
Experimental values are the mean + s.e.m., expressed as a percentage of 100% 
control. 
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METHODS 

Slice preparation and O, conditions. Sprague—Dawley rats were anaesthetized 
with halothane (Sigma), decapitated and the brains removed into ice-cold slicing 
solution containing (in mM): NaCl, 87; KCl, 2.5; NaHCO3, 25; CaCl, 0.5; 
MgCl,, 7; NaH,PO,, 1.25; glucose, 25; sucrose, 75; saturated with 95% O/5% 
CO3. Transverse hemi-sections, 400 1m thick, were sliced (Leica vibratome) and 
incubated at 34 °C in ACSF containing (in mM): NaCl, 126; KCl, 2.5; NaHCO3, 
26; CaCl, 2.0; MgCl, 1.5; NaHzPO,, 1.25; glucose, 10; saturated with 95% O,/ 
5% CO, for 60 min. For experiments slices were at 22-24 °C and perfused at 
~2mlmin~'. 20% O, provided a poz on the low end of physiological'® 
(Supplementary Fig. 2). Healthy slices can be maintained in 20% Oj (ref. 42). 
Imaging and uncaging. Images were acquired between 50 and 100 kum deep into 
the slice. Rhod-2 was excited at 835 nm (~3 mW after the objective) and fluor- 
escence was detected with a PMT after passing through a 605-nm (55-nm band- 
pass) emission filter. For uncaging, the laser was tuned to 730 nm, which also 
excites rhod-2 (ref. 43). The laser power was carefully increased (~40 mW after 
the objective) until a Ca?* signal, characteristic of internal release, occurred 
within astrocytes, triggering a Ca** wave. The nonlinearity of two-photon 
microscopy“ ensures no uncaging occurs during rhod-2 excitation. 

For NADH excitation the laser was tuned to 740nm' (~30mW after the 
objective) and fluorescence was detected with a PMT after passing through a 
450-nm (30-nm band-pass) emission filter. Time series NADH images were 
acquired every 30s. NADH z-stacks (one control and then one treatment) were 
acquired continuously. Although exhibiting identical spectral properties to 
NADH, NADPH is thought to contribute little to the fluorescence signal**”*. 
Lactate and PGE, measurements. Protocols in suppliers’ instructions were 
followed for the PGE, ELISA and the lactate assays. In both, tetrodotoxin 
(TTX, 1M) and 3,7-dihydro-1-methyl-3-(2-methylpropyl)-1H-purine-2,6- 
dione (IBMX, 100 tM) were added to dampen neuronal activation and preserve 
cAMP, respectively. cAMP facilitates glycogen breakdown” which is important 
for astrocyte glycolysis**. We confirmed that the same effects occur, yet at higher 
values, without these compounds. 

Immunohistochemistry. Twenty-micrometre sections were used for immuno- 
staining as described”. Sections were incubated in blocking solution containing 
0.5% BSA and 0.2% Triton X-100 in 0.1 M PBS for 30 min. Sections were incu- 
bated overnight at 4 °C with primary antibodies against GFAP (1:1,000; Sigma), 
MAP2 (1:1,000; Chemicon), COX1 (1:200; Santa Cruz Biotechnology), COX2 
(1:200; Santa Cruz Biotechnology), or PGT (1:100; Alpha diagnostic). Sections 
were then incubated with secondary antibodies: FITC-conjugated mouse anti- 
rabbit IgG, FITC-conjugated donkey anti-mouse IgG, rhodamine-conjugated 
rabbit anti-goat IgG or rhodamine-conjugated goat anti-mouse IgG at room 
temperature for 2h in darkness (all secondary antibodies from Santa Cruz 
Biotechnology). 

Electrophysiology. For extracellular recordings examining adenosine, slices 
were maintained at 34°C and bubbled with an O, treatment 45 min before 
experimentation. Field excitatory postsynaptic potentials (fEPSPs) were evoked 
by stimulating the hippocampal CA3-CA1 pathway using a concentric bipolar 
electrode (Frederick Haer Co.) and were acquired in stratum radiatum. fEPSPs 
were evoked every 30s and were analysed for slope (mV ms_') (see ref. 33 for 
details). Responses were normalized to the control mean. A second response, 
50 ms after the first, was evoked for the paired-pulse. The paired-pulse ratio 
equals the average of ten sweeps during DPCPX/average of ten sweeps immedi- 
ately before DPCPX. 
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To test synaptic activation in vasomotion, a stimulating electrode and record- 
ing electrode were positioned ~250 um apart in the CA3—CA1 pathway, strad- 
dling the vessel. A 10—20-Hz stimulation train 350-1,000 ms in duration was 
repeated 5-10 times at a rate of 0.5—1 Hz. Once a constriction was observed in 
high O,, the same stimulation protocol was used in low O, to evoke dilation. 
Forty minutes equilibration was allowed when the po» was changed. 

Data collection, analysis and statistics. An image (512 X 512 pixels) was col- 
lected in 393.2—983.4 ms, using 8-line averaging. Lumen diameter measurements 
were made at multiple sites along the vessel. Fluorescence signals were defined as 
F/Fy (%) = [(F; — B,)/(Fo — Bo) ]100, where F, and Fo are fluorescence at a given 
time and the control period mean, respectively. B, and By are the corresponding 
background fluorescence signals. Background values were taken from the neu- 
ropil for rhod-2 and the vessel lumen for NADH. Pseudo-colour images show 
absolute changes in fluorescence (ImageJ, 16-colour linear Lut). Experimental 
values are the mean = s.e.m.; baseline equals 100%; n is the number of experi- 
ments conducted. Lumen diameter changes: 90% means a reduction in diameter 
by 10% and 110% means an increase in diameter by 10%. Statistical tests were 
either a two-tailed Student’s t-test or an ANOVA with a Neumann-Keuls post- 
hoc test for comparison between multiple groups. P< 0.05 was accepted as 
statistically significant (asterisk, P< 0.05; double asterisk, P< 0.01). 

Drugs. Sigma supplied tACPD, applied for 5-10 min; lactate, applied for 
5-10 min and pH-corrected to 7.4; sodium-oxamate and sodium-iodoacetate, 
applied continuously with 15 min incubation (iodoacetate exposure of ~30 min 
generated an ‘anoxic-depolarization-like’ wave causing vessel spasms; tACPD 
was assessed before this event); indomethacin, applied continuously with 20 min 
incubation; IBMX, present during the release assays; U46619, applied continu- 
ously with 20 min incubation. Tocris supplied DPCPX, applied continuously; 
CGS21680, applied continuously with 20 min incubation. Alamone labs sup- 
plied tetrodotoxin, present during release assays. Cayman Chemicals supplied 
PGE, applied for 5 min. Invitrogen supplied rhod-2/AM. DMNPE-4/AM was 
synthesized by G. Ellis-Davies. T34, puffed from a pipette or bath applied, was a 
gift from V. L. Schuster. 
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Antigenic variation in Giardia lamblia is 
regulated by RNA interference 


César G. Prucca’*, Ileana Slavin'*, Rodrigo Quiroga’, Eliana V. Elias’, Fernando D. Rivero’, Alicia Saura’, 


Pedro G. Carranza’ & Hugo D. Lujan’ 


Giardia lamblia (also called Giardia intestinalis) is one of the most common intestinal parasites of humans. To evade the host's 
immune response, Giardia undergoes antigenic variation—a process that allows the parasite to develop chronic and 
recurrent infections. From a repertoire of ~190 variant-specific surface protein (VSP)-coding genes, Giardia expresses only 
one VSP on the surface of each parasite at a particular time, but spontaneously switches to a different VSP by unknown 
mechanisms. Here we show that regulation of VSP expression involves a system comprising RNA-dependent RNA 
polymerase, Dicer and Argonaute, known components of the RNA interference machinery. Clones expressing a single 
surface antigen efficiently transcribe several VSP genes but only accumulate transcripts encoding the VSP to be expressed. 
Detection of antisense RNAs corresponding to the silenced VSP genes and small RNAs from the silenced but not for the 
expressed vsp implicate the RNA interference pathway in antigenic variation. Remarkably, silencing of Dicer and 
RNA-dependent RNA polymerase leads to a change from single to multiple VSP expression in individual parasites. 


Clonal phenotypic variation of surface-exposed antigenic determinants 
(antigenic variation) is a major evasion process developed by several 
microorganisms, which use different mechanisms to switch the expres- 
sion of their surface antigens to maintain chronic infections under the 
continuous immune pressure generated by their hosts’. The proto- 
zoan G. lamblia also undergoes antigenic variation”’. This binucleated, 
flagellated parasite not only is one of the most common causes of 
human intestinal disease but also is of great biological interest because 
it derives from the earliest branch of the eukaryotic line of descent”*. In 
Giardia, antigenic variation accounts for the variable and/or persistent 
course of some infections as well as for the propensity for multiple re- 
infections, and involves a family of VSPs*’. VSPs cover the entire 
surface of the trophozoite and are the main antigens recognized by 
the host immune system’. VSPs vary in size from 30 kDa to 200 kDa; 
they possess a variable cysteine-rich amino-terminal region and a con- 
served carboxy-terminal region that includes a hydrophobic transmem- 
brane domain and a short cytosolic tail’. The parasite genome encodes a 
repertoire of about 190 VSP genes’, but only one VSP is expressed at any 
given time on the surface of individual trophozoites” *. Switching to the 
expression of another VSP occurs once every 6-13 generations, even in 
the absence of any immunological pressure’. Similar to most other G. 
lamblia genes, VSP genes have no introns and their 5’ upstream regions 
are relatively short and have been found to have limited or no sequence 
conservation. Moreover, there are no typical eukaryotic promoters pre- 
sent in these regions. The 3’ downstream regions from Giardia genes, 
including VSP-coding genes, also tend to be short, typically 0-30 
nucleotides long. So far, neither gene-rearrangement processes nor 
promoter-dependent switch-on/switch-off mechanisms have been 
demonstrated to be involved in Giardia’s antigenic switching”””. 

To delve into the molecular mechanisms involved in Giardia’s anti- 
genic variation, we initially performed nuclear run-on experiments to 
determine whether regulation of VSP expression is controlled at the 
transcriptional or at the post-transcriptional level. Then, we searched 
for the existence of sense and antisense VSP RNAs in trophozoites by 
polymerase chain reaction with reverse transcription (RT-PCR) and 


for the activity of enzymes involved in the synthesis and degradation of 
double-stranded (ds)RNAs in some eukaryotes, such as RNA- 
dependent RNA polymerase (RdRP), Dicer and Argonaute. The char- 
acterization involved cloning and expressing these genes as well as the 
analysis of small RNAs generated from VSP dsRNAs. Additionally, 
expression of different VSPs was evaluated after silencing the compo- 
nents of the Giardia RNA interference (RNAi) pathway. 


Transcription of VSPs in Giardia 


Transcription of VSP genes was analysed by nuclear run-on assays 
using RNA isolated from trophozoites of clone WB9B10 (Fig. 1a), 
which only express VSP9B10 (GenBank accession number 
AAK97086) on their surface (Supplementary Fig. 1). The results 
indicate that most of the VSP genes were simultaneously transcribed. 
In contrast, when total RNAs extracted from two different Giardia 
clones (WB9B10 and WB1267) were probed with an oligonucleotide 
corresponding to the conserved 3’ end of VSP genes, only one tran- 
script of the molecular size corresponding to the VSP expressed on 
the surface of these clones was detected (Fig. 1b). Additionally, very 
low-molecular-weight bands, suspected to be degradation products, 
were seen. Accumulation of only one VSP transcript was observed in 
different Giardia clones using vsp-specific probes (reviewed in ref. 3). 
These results raise the question of why only one VSP transcript accu- 
mulates if more than one vsp is transcribed at the nuclei of the 
parasite. One possible explanation is that the non-traduced VSP 
messenger RNAs are specifically degraded, a feature of a post-tran- 
scriptional gene silencing (PTGS) model”””. 


Post-transcriptional gene silencing in Giardia 

A key step of PTGS is the production of dsRNAs that share homology 
with the silenced gene”"®. RT-PCR assays designed to specifically amp- 
lify sense or antisense VSP products revealed, after cloning and sequen- 
cing these fragments, that RNAs of both strands are present in 
trophozoites (Supplementary Fig. 2). To evaluate the possible simul- 
taneous transcription of sense and antisense RNAs for VSP-coding 


‘Laboratorio de Bioquimica y Biologia Molecular, Facultad de Medicina, Universidad Catélica de Cordoba, Cordoba X5004ASK, Argentina. 


*These authors contributed equally to this work. 


750 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 456|11 December 2008 


9B10 1267 
@ ovspS1 <._— cwp2 b 
VS0S2 <7— “mmm gdh 
VspS3 cwp1 2,604 - 
vspS4 _—e- pGEM 
vspS5 mm vspH7 1,908 - i i. 
vspS6 —- owe = 501267 1,383 - 
vspS7 ———- — vsp9B10 955 - 
vspS8- —=—_- ee  vSpA6 623 - 
c Sense Antisense d 
vsp 1267 ia QB10. , 1267 
vsps810 Ti G R281 T G R2 St 
vaphly Mi234567 
vspA6 —— 
cwp2 
och 
pGEM 


Figure 1| Several VSP genes are simultaneously transcribed in Giardia. 

a, Nuclear run-on using freshly isolated Giardia nuclei transcribed in vitro in 
the presence of [*’P]UTP. Total RNA from clone WB9B10 was used to probe 
a membrane on which different DNA products were slot blotted. Isolated vsp 
fragments (vspS1—S8, Supplementary Fig. 2) are on the left, whereas specific 
genes (vsp9B10, vsp1267, vspA6, vspH7, cwp1, cwp2 and gdh) and the cloning 
vector pGEM, used as negative controls, are on the right. cwp1 and cwp2 
were not transcribed in non-encysting trophozoites, and neither was vspH7, 
which is not present in the genome of the WB isolate, whereas gdh showed 
active transcription. b, Northern blot analysis on total RNA extracted from 
clones WB9B10 and WB1267 probed with the 3’ conserved region of vsp 
(Supplementary Fig. 2). In addition to very-low-molecular-weight species, a 
single transcript of the size corresponding to the mRNA encoding the clone- 
specific VSP was found (asterisks). Size markers in nucleotides are displayed 
on the left. c, Sense and antisense in-vitro-transcribed genes (vsp9B10, 
vsp1267, vspA6, vspH7, cwp2 and gdh) were slot blotted and hybridised with 
the products of nuclear run-on under the same conditions as in Fig. 1a. Only 
sense transcripts were detected. d, Comparison among PCR products 
generated from clone WB9B10 trophozoites by specific primers (9B10F/ 
9B10R and 1267F/1267R) on genomic DNA (lanes 1 and 5), or cDNAs 
generated with either reverse primer R2 (lanes 2 and 6) or sense primer S1 
(lanes 3 and 7). Lane 4 is a control of 7 without RT. The white arrow indicates 
the vsp9B10 fragment, which is present in genomic DNA and in the sense 
cDNA but not in the antisense cDNA. The black arrow indicates the vsp1267 
fragment, which is present in genomic DNA, in the sense cDNA and in the 
antisense cDNA. M, molecular marker. 


genes, as suggested to occur for other genes in Giardia by a relaxed 
mechanism controlling transcription'', we performed a second nuclear 
run-on experiment using specific sense and antisense probes (Fig. Ic). 
In this assay, we were unable to detect VSP-antisense RNAs, indicating 
that those molecules could be generated post-transcriptionally. We also 
analysed PCR products generated from clone WB9B10 using vsp9B10- 
and vsp1267-specific primers (Fig. 1d). The band corresponding to 
vsp9B10 was present in genomic DNA and sense complementary 
DNA but poorly in antisense cDNA. In contrast, vsp1267 (GenBank 
accession number M63966), which is not expressed on the surface of 
clone WB9B10, could be amplified from genomic DNA, and equally 
amplified from both sense and antisense cDNAs. These results dem- 
onstrate that VSPs are transcribed simultaneously (further supporting 
the results of the nuclear run-on experiments), and that there is an low 
abundance of antisense transcripts for the VSP that is expressed and a 
presence of antisense RNAs for VSPs that are transcribed but not 
translated. 


Components of the Giardia RNAi machinery 


RdRP-mediated, unprimed production of dsRNAs from aberrant 
mRNAs and primed/unprimed production of dsRNA guided by 
short interfering RNAs (siRNAs) is necessary for triggering RNAi 
in some organisms'*"*. It has been suggested that this enzyme could 
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be acting as ‘an aberrant-RNA sensor’. A Giardia homologue of 
RdRP was identified. This RdRP gene encodes a basic protein of 
155,257 Da that shares high homology with other eukaryotic 
RdRPs and greatly differs from the one encoded by the Giardia 
virus'®, indicating the protozoal nature of the identified gene. 
Analysis of the Giardia RdRP sequence indicates that this protein 
lacks signal peptide and transmembrane domains, but contains a 
ribosomal protein S2 signature-1 motif, which has been associated 
with mRNA binding’. Giardia RdRP transcription was verified 
by RT-PCR and northern blotting, and its localization assessed by 
haemagglutinin-tagged expression. RdRP of different organisms 
have cytosolic or nuclear localization, but our results show that 
Giardia RdRP is probably associated to ribosomes present on the 
cytoplasmic side of the endoplasmic reticulum. Moreover, the 
enzyme is active in trophozoites, because it was capable of forming 
high-molecular-weight RNAs in vitro in the presence of homologous 
VSP RNAs (Supplementary Fig. 3b). 

A characteristic of RNA1 is the degradation of dsRNA into ~21-25- 
nucleotide siRNAs by the dsRNA-specific RNase Dicer’®. Previously, a 
Giardia Dicer homologue was identified, its structure solved, and the 
in vitro Dicer activity of the recombinant protein demonstrated””. 
Here we show that this enzyme is constitutively expressed during 
the entire life cycle of Giardia and verify its cytoplasmic localization 
(Supplementary Fig. 3). To evaluate the activity of Giardia Dicer, in 
vitro assays using radiolabelled dsRNA were exposed to a post-nuclear 
Giardia extract. Our results (Fig. 2a) demonstrated that, regardless of 
the gene and the strand that is labelled (sense, antisense, or both), 
dsRNAs are processed into small RNA fragments of 20-30 nucleotides 
(similar to those shown for the recombinant enzyme in ref. 19), and 
that this processing is favoured, as in other eukaryotes”, by the pres- 
ence of ATP (Fig. 2b). In addition, small RNAs obtained from those 
experiments were able to be cloned similar to siRNAs that have 5’-P 
and 3’-OH ends. Sequencing of those siRNAs indicated that they 
derived from the input VSP genes and that they are 22-25 nucleotides 
in length (Supplementary Table 1). 

Argonaute proteins are essential players in gene-silencing pathways 
guided by small RNAs. These proteins are part of the RNA-induced 
silencing complex that recognizes the target mRNA and guide post- 
transcriptional gene silencing either by destabilization of the mRNA 
or by translational repression*’. We were able to identify in Giardia a 
single Argonaute protein (Giardia AGO) that has PIWI and PAZ 
domains. Its expression was evaluated by northern blotting and its 
cellular localization determined by expressing an haemagglutinin- 
tagged version of the protein. Similar to that observed in other cells”', 
Giardia AGO localizes to the cytoplasm (Supplementary Fig. 3). 


Regulation of VSP expression 


The occurrence of multiple, homologous VSP transcripts could direct 
the generation of antisense RNAs by Giardia RdRP after transcription 
of several VSP genes took place. Moreover, the presence and activity of 
Dicer, and probably of AGO, suggests that an RNAi-like mechanism 
might be involved in regulation of the expression of surface antigenic 
variants in Giardia. In this cell in particular, a post-transcriptional 
regulatory system lying in the cytoplasm might be beneficial to syn- 
chronize both transcriptionally active nuclei of the parasite’. 

To test this hypothesis, we analysed whether the Giardia PTGS 
machinery could discriminate the presence of different VSP 
mRNAs by mixing Giardia cytoplasmic extracts with one, two or 
three different VSP transcripts generated in vitro. When two or more 
labelled VSP mRNAs were incubated with trophozoite extracts con- 
taining the RNAi machinery, small VSP RNAs were produced, with 
an identical pattern to the Dicer activity assay products (compare 
Fig. 2a and Fig. 2c). In contrast, whenever a single transcript was 
incubated, no mRNA degradation took place. Additionally, if the 
unrelated genes cwp2 (which encodes the cyst wall protein 2; not 
shown) or gdh (which encodes glutamate dehydrogenase) were 
added to a single radiolabelled VSP mRNA, no degradation to small 
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Figure 2 | Dicer activity and detection of VSP small RNAs in Giardia. 

a, Generation of small RNAs from dsRNAs by Giardia extracts 
demonstrated Dicer-like activity. For vsp1267 dsRNA, both strands (lane 1), 
only the sense RNA strand (lane 2) or only the antisense RNA strand (lane 3) 
were radioactively labelled. For vsp9B10 and gdh both strands were labelled. 
Double-stranded RNAs were incubated with a Giardia WB9B10 extract at 
37 °C for 1 h; next, total RNA was isolated and electrophoresed. In all cases, 
small RNAs were produced. b, Effect of the presence of ATP on dsRNA 
processing by Giardia. Lanes 1 and 2 show untreated controls: incubation of 
vsp1267 dsRNA with Giardia cytoplasmic lysates without ATP depletion (1h 
and 3h of incubation, respectively). ATP was depleted with 2 mM glucose 
and 0.1 U pl! hexokinase (lane 3) and then regenerated using 
phosphocreatine (CP, lane 4), creatine kinase (CK, lane 5) or both (lane 6). 
c, Generation of small RNAs by incubation of vsp riboprobes with Giardia 
extracts from clone WB9B10. One, two or three different VSP mRNAs 
(vsp9B10, vsp 1267, vspH7) were mixed and incubated with Giardia extracts. 
[°?P]-labelled small RNAs were produced whenever more than one 
transcript was present. RNA size markers in nucleotides are on the left. 

d, Total RNA from clone WB9B10 and clone WB1267 trophozoites as well as 
low-molecular-weight (LMW) RNAs from the clone WB1267 were 
electrophoresed, blotted and probed using partially digested in-vitro- 
transcribed vsp9B10 RNA. In clone WB9B10, no small RNAs were found. In 
contrast, small RNAs from vsp9B10 were present in clone WB1267 (arrow), 
which does not express VSP9B10. Interestingly, ~70-nucleotide-long RNAs 
(asterisk) that might represent incompletely digested mRNAs can also be 
observed. gdh was used as a loading control. 


RNAs was detected (Fig. 2c), indicating that the silencing machinery 
specifically processes homologue RNAs. Similar results were 
obtained when using cell extracts from different Giardia clones 
(WBA6, WB1267 or GSH7): vsp9B10 RNA was processed to small 
RNAs only when combined with other homologue VSP genes but not 
when it was the only vsp added to the reaction (Supplementary Fig. 
4). It is clear that, under the conditions used in these experiments 
(excess of exogenous RNAs, short incubation times), the presence in 
the trophozoite extracts of endogenous siRNAs and various sense and 
antisense VSP RNAs certainly does not interfere with the silencing 
process. Because the VSP mRNAs used in these experiments were 
synthesized in vitro, it is obvious that the silencing mechanism can 
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discriminate among homologous mRNAs in the absence of any pos- 
sible post-transcriptional RNA modification. 

Considering that sense and antisense VSP transcripts were found 
in Giardia and that Dicer activity was demonstrated experimentally, 
we looked for small RNAs resulting from vsp dsRNA degradation. 
Using partially a digested vsp9B10 probe for northern blot assays in 
Giardia clones WB9B10 and WB1267, we were able to detect small 
RNAs for VSP9B10 in the clone that does not express that VSP 
(WB1267 in this case). On the other hand, no small RNAs for 
VSP9B10 were found in clone WB9B10, which expresses VSP9B10 
on the parasite’s surface (Fig. 2d) 

These results raise the question of how a single VSP transcript 
bypasses this silencing process and is translated and expressed at 
the surface of the parasite. In some organisms it is known that 
RNAi correlates with methylation of homologous DNA sequences, 
which in turn modulates transcription”. Nonetheless, DNA methy- 
lation has been reported to be absent in this parasite’. Moreover, 
methylated nucleotides could not be detected in Giardia DNA by 
high-performance liquid chromatography (Supplementary Fig. 5). 
In this context, it is reasonable that after the transcription of the 
vsp repertoire, differences in concentration of each VSP transcript 
might constitute an exclusion factor that allows the temporally most 
abundant VSP mRNA to saturate the silencing machinery and be 
expressed at the parasite surface. 

To test whether the concentration of different VSP transcripts has 
a role in antigenic switching, we unbalanced VSP expression in vivo 
by expressing in clone WB9B10 either vspH7 (GenBank accession 
number, AAA18202) or constructs containing antisense regions of 
vsp9B10 under the control of a strong promoter such as that of the 
a-tubulin gene****. VSPH7 showed variable expression even under 
the pressure of the selection drug, and VSP9B10 also decreased over 
the time (Supplementary Fig. 6). Besides, when VSP9B10 was 
knocked down, its expression on the parasite’s surface diminished 
slightly faster than in the control (Supplementary Fig. 7). These 
results suggest that the promoter region of vsps has little or no influ- 
ence on VSP expression and, therefore, that a PTGS mechanism must 
be involved in Giardia’s antigenic variation. Additional in vitro 
experiments in which the concentration of different VSP transcripts 
was unbalanced demonstrated that mRNA concentration may be 
relevant for a given VSP to circumvent the silencing machinery 
and be translated (Supplementary Fig. 8). 


Silencing of Giardia RdRP, Dicer and AGO 


Because specific gene knockouts are not possible in Giardia owing to 
its polyploidy and the presence of two nuclei’, we sought for direct 
evidence supporting the involvement of the characterized RNAi 
components during antigenic variation by knocking down the 
expression of Giardia dicer, rdrp and ago by constitutive expression 
in trophozoites of part of their antisense transcripts”. When a reduc- 
tion of the expression of rdrp (RdRP-AS) or dicer (Dicer-AS) took 
place (Supplementary Fig. 9), trophozoites that express more than 
one VSP in their surface were generated, as determined by immuno- 
fluorescence assays using specific monoclonal antibodies (Fig. 3a and 
Table 1), flow cytometry (Fig. 3b) and western blotting (Fig. 3c). 
Silencing of Giardia ago did not produce any viable clone, suggesting 
that this molecule is essential for the parasite, probably by maintain- 
ing the integrity of the genome by controlling the action of transpo- 
sons”’. Cells in which Dicer or RdRP were knocked down proliferate 
and encyst in culture as normal, and no deleterious effect on VSP 
regulation caused by the procedure was observed (Table 1). 

Our results are consistent with a major role for the cellular PTGS 
machinery itself in the selection of one VSP transcript destined to be 
expressed in a single trophozoite. Although this PTGS mechanism 
resembles gene silencing phenomena controlling the expression of 
foreign genes’’, in Giardia it targets a family of endogenous genes, as 
recently demonstrated in mouse oocytes”*’’. It has been shown that 
antisense transcripts for CWP1 also appear early during Giardia 
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Figure 3 | Expression of different VSPs in Giardia rdrp- and dicer- 
knockdown transgenic trophozoites. a, Direct immunofluorescence assay 
on mock-transfected (top panel) or Dicer-AS-transfected (bottom panel) 
trophozoites with FITC-conjugated monoclonal antibody 9B10 (VSP9B10; 
left panel) and TRITC-conjugated monoclonal antibody 5C1 (VSP1267; 
right panel). When Giardia Dicer expression was knocked down, 
trophozoites expressing VSP9B10 on the surface also expressed VSP1267 
(merged image; middle panel). b, Percentage of Giardia trophozoites 
expressing a particular VSP as determined by flow cytometry assays using 
specific monoclonal antibodies (VSP9B10, monoclonal antibody 9B10; 
VSP1267, monoclonal antibody 5C1; VSPA6, monoclonal antibody 6A7) on 
clone WB9B10, clone WB1267, and with cells transfected with antisense 
constructs for Giardia RdRP (RdRP-AS) or Giardia Dicer (Dicer-AS). Goat 
anti-mouse immunoglobulins were used as a negative control. Clones 
display clear single-VSP expression patterns, whereas RdRP-AS and Dicer- 
AS show expression of more than one VSP per trophozoite. c, Western blot 
analysis of protein extracts from wild-type WB9B10 and WB9B10 
trophozoites in which Dicer has been knocked down. After electrophoresis 
and transfer to nitrocellulose, the filters were hybridised with either (1) the 
monoclonal antibody 12F1 clone G3 (generated against the CRGKA domain 
conserved in all VSPs) or (2) monoclonal antibody 9B10 (specific for 
VSP9B10). Results show that the specific monoclonal antibody anti- 
VSP9B10 recognizes only one band in clone WB9B10 and in transgenic 
trophozoites, whereas the monoclonal antibody 12F1 reacts with many 
protein species in the transgenic cells, indicating that many VSPs are 
expressed simultaneously in Giardia when the RNAi pathway has been 
disrupted. 
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Table 1| Quantitative analysis of VSP expression in Giardia rdrp- and 
dicer-knockdowns 


VSP None Mock Giardia RdRP-AS — Giardia Dicer-AS 
VSP9B10 99 +05 98 +1.2 90 + 0.6 18 + 2.0 
VSP1267 0 0:5 = O71 96 + 0.2 22+09 
VSPA6 0 0 48 + 2.3 i Ey garages} 
VSPS1 0 0) 62+41 3642.1 
VSPS2 0 0 33/% Al 28 + 3.9 
VSPS7 0) 0 73 £ 0:3 65+44 


Percentage of Giardia trophozoites expressing a particular VSP as determined by indirect 
immunofluorescence assays using specific monoclonal antibodies (VSP9B10, monoclonal 
antibody 9B10; VSP1267, 5C1; VSPA6, 6A7; VSPS1, 1B2; VSPS2, 7B8, VSPS7, 6F8) on WB9B10 
trophozoites transfected with the antisense construct of genes encoding Giardia RdRP and 
Dicer, with empty plasmid only (mock transfected) or non-transfected (none), after 5 days in 
culture. Goat anti-mouse immunoglobulins were used as a control and showed no reaction (not 
shown). Data represent the mean + s.d. of three independent experiments performed in 
duplicate. Results indicate that many different VSPs are expressed in single trophozoites, as 
judged by addition of each percentage. 


encystation’*. Because CWP genes also comprise a family of homolo- 
gous genes, it is possible that, in addition to their transcriptional regu- 
lation”, a post-transcriptional process may be affecting CWP mRNA 
stability. 

It is still an open question how Giardia changes expression of one 
VSP for another. Because VSP switching occurs randomly, we favour 
the hypothesis that variations in general or local concentrations of 
different VSP transcripts, as occur in higher eukaryotes*”*', may 
determine which one will circumvent the silencing system. It is then 
possible that during cell division each daughter switches to the 
expression of a different VSP. Alternatively, there may be differences 
in the level of transcription for each vsp. Consistently with this hypo- 
thesis, we have detected variations in individual vsp expression levels 
in nuclear run-on experiments performed as in Fig. 1. This sort of 
variation might depend of the chromatin state in different areas of the 
genome or the position of each gene within the genome. In this 
regard, it has been suggested recently that a possible epigenetic 
mechanism is involved in Giardia’s antigenic variation®. 

In summary, a PTGS system (comprising at least RdRP and Dicer) 
is implicated in the regulation of surface antigen expression in G. 
lamblia. Because a humoral immune response in both experimental 
and natural Giardia-infected hosts coincides with the elimination of 
the original VSP, a functional role for cells and antibodies in the 
selection of phenotypic variants and on the course of infection was 
proposed”. Given that parasite protection against specific immune 
responses relies on switching the expression between immunologi- 
cally distinct surface proteins”*, one way in which hosts can prevent 
infections with a specific immunological response is by producing 
antibodies against all surface antigenic determinants. In this report, 
we have shown that downregulation of components of the RNAi 
machinery leads to expression of more than one surface antigen in 
trophozoites. These cells could constitute a fundamental tool for 
generating a vaccine against this important human pathogen. 


METHODS SUMMARY 

Parasite culture and cloning. Giardia trophozoites were cultured in TYI-33 
medium supplemented with adult bovine serum and bovine bile”. 
Continuous cloning of trophozoites was carried out by limiting dilution and 
selection based on immunofluorescence assays using the corresponding VSP 
monoclonal antibody. Encystation was carried out as reported”’. 

Nuclear run-on and RT-PCR. Nuclear run-on analyses on Giardia nuclear 
extracts were performed as described*’, with some modifications. Total RNA 
of trophozoites from different isolates was isolated using Trizol (Invitrogen), 
quantified spectrophotometrically, and treated with RQ] RNase-Free DNase 
(Promega). First-strand cDNA was synthesized with Superscript III Reverse 
Transcriptase (Invitrogen). 

Detection and cloning of small VSP RNAs. The detection of small RNA was 
performed according to ref. 35. [°*’P]-labelled riboprobes were transcribed in 
vitro by T7 or SP6 RNA polymerase using VSP genes vsp9B10, vsp1267 and vspH7 
cloned into p-GEM T-easy vector (Promega). Labelled RNA was partially hydro- 
lysed by incubation at 60 °C in the presence of NaHCO; and NazCOs,. Isolation 
and cloning of small RNAs was performed essentially as described previously”’. 
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Endonuclease activity. Dicer activity was analysed by incubating dsRNA mole- 
cules with cytoplasmic extracts of different Giardia clones. VSP and control 
genes cloned into p-GEM T-easy vector (Promega) were transcribed in vitro to 
produce full-length sense [**P]-labelled RNA probes. Pure or mixed VSP tran- 
scripts were incubated at 37 °C with Giardia extracts for different periods. 
Transfection and immunofluorescence assays. The plasmid pTUBPac”” was 
modified to introduce sense or antisense Giardia dicer, rdrp and ago coding 
regions and the influenza haemagglutinin epitope’*. Transfection of G. lamblia 
trophozoites was done by electroporation as described previously**. Indirect 
immunofluorescence assays were performed on non-encysting trophozoites by 
using an anti-haemagglutinin monoclonal antibody (Sigma). For functional 
analysis of Giardia dicer, rdrp and ago, gene knockdowns were confirmed by RT— 
PCR using gene-specific primers and by northern blotting. 
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Negative feedback that improves 
information transmission in yeast 
signalling 


Richard C. Yu’, C. Gustavo Pesce’, Alejandro Colman-Lerner'+, Larry Lok't, David Pincus'}, Eduard Serra't, 
Mark Holl*+, Kirsten Benjamin'+, Andrew Gordon'+ & Roger Brent! 


Haploid Saccharomyces cerevisiae yeast cells use a prototypic cell signalling system to transmit information about the 
extracellular concentration of mating pheromone secreted by potential mating partners. The ability of cells to respond 
distinguishably to different pheromone concentrations depends on how much information about pheromone concentration 
the system can transmit. Here we show that the mitogen-activated protein kinase Fus3 mediates fast-acting negative 
feedback that adjusts the dose response of the downstream system response to match the dose response of receptor-ligand 
binding. This ‘dose-response alignment’, defined by a linear relationship between receptor occupancy and downstream 
response, can improve the fidelity of information transmission by making downstream responses corresponding to different 
receptor occupancies more distinguishable and reducing amplification of stochastic noise during signal transmission. We 
also show that one target of the feedback is a previously uncharacterized signal-promoting function of the regulator of 


G-protein signalling protein Sst2. Our work suggests that negative feedback is a general mechanism used in signalling 
systems to align dose responses and thereby increase the fidelity of information transmission. 


Cells use signalling systems to sense and transmit information about 
extracellular conditions. Haploid Saccharomyces cerevisiae yeast cells 
use a prototypic, G-protein-coupled-receptor/mitogen-activated 
protein kinase (MAPK) cascade signalling system, the pheromone 
response system’, to sense and transmit information about the con- 
centration of mating pheromone secreted by cells of the opposite 
mating type (Fig. 1). The more information about pheromone con- 
centration the system can transmit, the better a cell can distinguish 
between different pheromone concentrations, an essential ability for 
proper partner choice and mating. For example, a yeast cell ringed by 
potential mating partners strongly prefers to mate with partners 
producing the most pheromone’. Partner choice involves two pro- 
cesses that require sensing of pheromone concentration. First, a cell 
grows up the pheromone concentration gradient’, a process that 
probably depends on measurement of precise differences in phero- 
mone concentration at different points on the cell surface. Second, 
after contacting its partner and forming a prezygote, a cell preferen- 
tially completes fusion and forms a diploid with a partner that pro- 
duces high amounts of pheromone’. These experiments indicate that 
it is important for cells to distinguish among different pheromone 
concentrations at multiple steps during the mating process. 
Previous work suggested that optimal transmission of information 
about pheromone concentration depends on both distinguishable 
receptor occupancies and distinguishable downstream system res- 
ponses. Differences in receptor occupancy are clearly important for 
mating partner choice and discrimination; for example, in the pres- 
ence of pheromone at a concentration that saturates the receptor, 
cells lose the ability to discriminate between high-concentration 


pheromone-secreting partners and low-concentration pheromone- 
secreting partners’. However, distinguishable receptor occupancies 
are not sufficient for partner discrimination, as hypersensitive cells, 
in the presence of pheromone at a concentration that does not sat- 
urate the receptor but does saturate downstream responses, also lose 
the ability to discriminate between partners secreting different levels 
of pheromone’. One complementary study of mating projection ori- 
entation in spatial gradients of pheromone showed that hypersensi- 
tive cells do not orient their mating projections as precisely as wild- 
type cells, perhaps because in these cells downstream responses were 
saturated at most points in the gradient’. However, even in phero- 
mone gradient concentrations 100-fold lower, at which downstream 
responses should not have been saturated, hypersensitive cells still 
oriented their mating projections less precisely than did wild-type 
cells in higher concentration gradients’. These observations suggest 
that hypersensitive cells are inherently less able to respond distin- 
guishably to different pheromone concentrations (that is, transmit 
less information about pheromone concentration), even when they 
are responding to pheromone concentrations that saturate neither 
receptor nor downstream responses. 


Distinguishable responses and dose-response alignment 

One characteristic of wild-type cells that we® and others® have prev- 
iously found is that, despite the large number of intermediate signal- 
ling events in the system, the dose-response curve of receptor 
occupancy closely aligns with dose-response curves of downstream 
system responses. For example, we observe “dose-response align- 
ment’ between receptor occupancy and the accumulated amount 
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Naturales, Universidad de Buenos Aires, Argentina (A.C.-L.); Synopsys, Mountain View, California 94043, USA (L.L.); Department of Cellular and Molecular Pharmacology, University 
of California, San Francisco, California 94158, USA (D.P.); Centre de Genética Médica i Molecular, Institut d'Investigacid Biomédica de Bellvitge (IDIBELL), Barcelona 08907, Spain 
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Pheromone 


Cell membrane 


Protein 
(e.g., FP) 


Figure 1| The pheromone response system. Proteins are indicated by 
labelled ovals, translocation by dotted arrows, protein activation by arrows, 
inhibition by T-bar arrows, and protein association by double-headed 
dashed arrows. Pheromone binding by receptor Ste2 causes dissociation of 
the heterotrimeric G-protein (1) into Go subunit (Gpal1) and the GBy dimer 
(Ste4—Ste18). GTP-activating protein (GAP) function of the RGS protein 
Sst2 promotes re-association of Gpal with Ste4—Ste18. On dissociation of 
the G protein, Ste4 helps recruit the MAPK scaffold Ste5 to the membrane 
(2). Ste5 recruitment activates the MAPK cascade, in which Ste20, Ste11, 
Ste7 and the MAP kinases Fus3 and Kss1 phosphorylate one another in 
sequence. Phosphorylated Fus3 (3) translocates to the nucleus and 
phosphorylates Dig] and Ste12, eliminating Dig] repression of Ste12, a 
transcriptional activator (4). Stel2 activates transcription of pheromone- 
responsive genes (PRGs) (5, 6). 


of pheromone-activated Ste12 (cumulative pathway subsystem out- 
put P since system induction, where P is operationally defined by 
reporter-gene expression corrected for inherent cell-to-cell differ- 
ences in the ability to express proteins’; Fig. 2a). Notably, dose— 
response alignment is commonly observed in many mammalian cell 
signalling systems, including the insulin’, acetylcholine®, thyroid 
stimulating hormone’, angiotensin II'°, and epidermal growth fac- 
tor'''? response systems. Researchers in the past have often regarded 
alignment of curves for ligand binding by a candidate receptor and 
downstream response as evidence that the putative receptor was in 
fact the molecule that bound ligand and caused the cellular res- 
ponses'*'°. However, to our knowledge, researchers have investi- 
gated neither the implications of dose-response alignment for yeast 
pheromone response nor its general consequences for the function of 
cell signalling systems. 

We realized that dose-response alignment improves information 
transmission in two ways. First, dose-response alignment describes a 
linear relationship between receptor occupancy and downstream 
response; consequently, the entire range of receptor occupancies 
evenly corresponds to the entire range of possible responses 
(Fig. 2b). By contrast, even a modest dose-response misalignment, 
such as a 20-fold shift in the effector concentration for half-max- 
imum response (ECs) of downstream response (Fig. 2c), compresses 
the downstream responses corresponding to a wide range of receptor 
occupancies into a narrow range (Fig. 2d). Second, dose-response 
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Figure 2 | Dose-response alignment makes responses more 
distinguishable. a, Dose responses of receptor occupancy (calculated from 
reported receptor-pheromone binding affinity measurements*”“°) and 
reporter gene expression output corrected for known sources of cell-to-cell 
variation (pathway output P”) align closely. b, The relationship between 
receptor occupancy and downstream response (from a) is essentially linear. 
Evenly distributed receptor occupancies (20%, 40%, 60% and 80%, red 
vertical lines) correspond to evenly spaced downstream responses (blue 
horizontal lines). c, Example of dose-response misalignment, in which the 
downstream output is 20-fold more sensitive than that in a (that is, the ECs 
is reduced 20-fold). d, Dose-response misalignment makes transfer function 
nonlinear, which compresses the downstream responses (blue horizontal 
lines) corresponding to the majority of receptor occupancies (red vertical 
lines), making downstream responses less distinguishable. 

e, f, Dose-response misalignment results in noise amplification. Receptor 
occupancy (red vertical line) with noise (pink spread) yields downstream 
responses (horizontal blue lines) with associated noise (blue spread). In the 
system with dose-response alignment (e), linear transfer function yields less 
relative noise in the downstream response than in the system with 
misaligned dose responses and nonlinear transfer function (f). 


alignment minimizes the amplification of upstream noise (Fig. 2e). 
Previous analysis of noise propagation in a synthetic gene circuit 
revealed analogous amplification of upstream noise in a system with 
misaligned dose responses’®. This reasoning suggested to us that cell 
signalling systems with misaligned dose responses inherently trans- 
mit information with lower fidelity, even if downstream responses 
are not saturated, an idea consistent with previous observations that 
hypersensitive cells oriented mating projections less precisely in gra- 
dients than wild-type cells even at concentrations that did not sat- 
urate downstream responses*. We hypothesized that dose-response 
alignment might be indicative of a system that can transmit large 
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amounts of information, and therefore we sought to understand 
better the underlying molecular mechanisms required for dose—res- 
ponse alignment and the linear relationship between upstream and 
downstream response that it defines. 

Work in electronics in the 1930s established that ‘proportional’ 
negative feedback in electrical circuits, where a constant fraction of 
the output is subtracted from the input, can bring about a linear 
input-output voltage relationship’’. Biologists have also shown that 
negative feedback can make input-output relationships more linear 
in biological systems: for example, it was shown that in a MAPK/ 
protein kinase C (PKC)-mediated signalling system, increasing the 
amount of a MAPK-activated phosphatase that inactivates the 
MAPK made the average output response more linearly related to 
(that is, proportional to) the input'*. Research in both biology and 
engineering'”'® ** has also suggested or shown that negative feedback 
can increase the signal-to-noise ratio in system output and decrease 
the sensitivity of output to variation in properties of system compo- 
nents (see Supplementary Information 8 for further discussion). 
These observations suggested to us that negative feedback might 
mediate dose-response alignment and improve information trans- 
mission in the yeast pheromone response system. 

Previous work showed that the pheromone response system 
quickly establishes dose-response alignment: the accumulation of 
reporter gene expression in cells increased linearly from 15 min to 
3h after stimulation (see Fig. 2 in ref. 5), and at all times the normal- 
ized dose response of downstream output aligned with the receptor- 
ligand-binding curve. These facts suggested that the molecular 
mechanisms that bring about and stabilize dose-response alignment 
occur in the first 15 min of pheromone stimulation. However, no 
quantitative measurements of system activities in this time frame 
existed to indicate the action of negative feedback to align dose res- 
ponses. We therefore developed tools to measure the early dynamics 
of molecular events that the system uses to operate before, during and 
after establishment of dose-response alignment. 


Initial system dynamics indicate negative feedback 


We developed reporters and methods to measure real-time signal 
transmission in single cells, at the membrane and in the nucleus, 
and supplemented these data with biochemical measurements. We 
then measured system outputs (that is, system activities at different 
stages in the signalling pathway, see Fig. 1) after stimulating cells with 
100 nM pheromone, a concentration that produces maximal down- 
stream transcription reporter response (Fig. 2a). 

Two membrane-proximal system outputs, G-protein activation and 
Ste5 recruitment to the membrane, peaked and declined rapidly. To 
follow G-protein activation in single cells over time, we measured loss 
of fluorescence resonance energy transfer (FRET) between cyan fluor- 
escent protein (CFP)-tagged Gpal and yellow fluorescent protein 
(YFP)-tagged Stel8 by image cytometry’ (Supplementary 
Information 2) in a derivative of a strain developed previously®. Loss 
of G-protein FRET rapidly peaked in the first minute and declined 
(Fig. 3a and Supplementary Fig. 2), consistent with lower time resolu- 
tion, single-time-point population measurements in an earlier study®. 

We then measured, also in single cells and at subminute intervals, a 
subsequent membrane-proximal signalling event, the recruitment of 
Ste5 to the membrane. To do this, we measured the redistribution of 
YFP-Ste5 from the nucleus and cytosol to the membrane 
(Supplementary Information 2). Membrane recruitment of Ste5 
was rapid (Fig. 3b). Within 5 s of stimulation with a high concentra- 
tion of pheromone, individual cells showed an increase in yellow 
fluorescence at the cell membrane, and a corresponding depletion 
of fluorescence from the cell interior—no change in fluorescence was 
observed in unstimulated cells or cells with unlabelled Ste5 
(Supplementary Fig. 3). Compared with unstimulated cells, average 
membrane recruitment reached near-maximal values within seconds 
and peaked by 20s, before declining towards a plateau in later 
minutes, similar to the dynamics of G-protein loss of FRET. 
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Figure 3 | Initial system dynamics indicate negative feedback. a, Loss of 
G-protein FRET. Corrected median (+ standard error) loss of Gpal—Ste18 
FRET values (relative to maximum change measured in pheromone- 
stimulated cells; see Supplementary Fig. 2) in RY2062b cells stimulated with 
pheromone (purple triangles; n = 262) quickly peaked and declined to a 
plateau relative to unstimulated cells (black circles; n = 143). b, YFP-Ste5 
recruitment. Corrected median (+ standard error) YFP—Ste5 membrane 
recruitment (relative to maximum change measured in pheromone- 
stimulated cells; see Supplementary Fig. 3e) in RY2013 cells stimulated with 
pheromone stimulation (cyan triangles, n = 361) quickly peaked and 
declined to a plateau compared to unstimulated cells (black circles, n = 223). 
c, Fus3 activity. Mean ratios (+ standard error, n = 3-5) of activated 
(phospho-Y180 and phospho-T182) Fus3 to total Fus3, normalized to the 
peak measured ratio (see Supplementary Fig. 4 for representative 
immunoblot images). Fus3 activity levels peaked 2.5 min after pheromone 
stimulation and declined to a plateau within 5 min of stimulation. Total Fus3 
levels, compared to levels of non-pheromone-regulated proteins GAPDH 
and PGK1, remained constant over this time period (data not shown). New 
protein synthesis is not required for the observed peak and decline 
(Supplementary Fig. 4c). d, Loss of Dig1—Ste12 FRET. Median (+ standard 
error) loss of Dig1—Ste12 FRET (scaled to minimum and maximum values 
measured in pheromone-stimulated cells; for raw values, see Supplementary 
Fig. 7) in RY1130b cells peaked about 3 min after pheromone stimulation, 
and then declined to a plateau (red triangles, n = 246) relative to 
unstimulated cells (black circles, n = 138). e, FUS1 mRNA. Average ratio 
(high and low values indicated) of FUS1 mRNA probe band intensity to 
loading control (ACT1 mRNA probe band intensity) after pheromone 
stimulation (n = 2) (see Supplementary Fig. 8 for raw image). f, Composite 
timing plot shows persistent peak-and-decline towards a plateau for all 
system responses, suggesting action of negative feedback. YFP-Ste5 
recruitment and Dig1—Ste12 FRET (from b and d) were smoothed using a 
moving window of five data points. 


We then assessed intermediate system output farther downstream 
by measuring the dynamics of MAPK activation. Using quantitative 
immunoblotting, we measured phosphorylation of Fus3 residues 
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Thr 180 and Tyr 182, which is required for Fus3 activity and phero- 
mone response”. The amount of phosphorylated Fus3 relative to 
total Fus3 increased rapidly, reaching a maximum in 2.5 min before 
dropping to a plateau level in approximately 5—7 min (Fig. 3c and 
Supplementary Fig. 4a, b). 

We then measured nuclear MAPK activity dynamics in single cells 
over time. To do this we developed a FRET reporter to measure 
pheromone-induced changes in the association between the tran- 
scription factor Stel2 and one of its inhibitors, Dig] (ref. 25). We 
deleted native STE12 and DIGI genes and chromosomally integrated 
versions of these proteins fused to CFP and YFP, respectively (see 
Supplementary Information 5). We then measured changes in FRET 
between CFP and YFP” in the nucleus by image cytometry” (see 
Supplementary Fig. 6 and Supplementary Information 2). 
Pheromone-induced loss of FRET did not require new protein trans- 
lation (Supplementary Fig. 7b), but did require both Ste5 (Fig S7c) 
and MAPK activity (Supplementary Fig. 7d), consistent with the 
interpretation that loss of FRET directly reports pheromone- 
induced, MAPK-mediated de-repression of Ste12. 

Loss of Digl-Stel2 FRET quickly peaked around 3 min after 
stimulation (Fig. 3d), and the overall signal dynamics were very 
similar to those of Fus3 phosphorylation (compare Fig. 3c to 
Fig. 3d; see also Fig. 3f). This fast signal transfer from Fus3 activation 
to Stel2 de-repression is consistent with the idea that Fus3 moves 
quickly in and out of the nucleus, as shown in studies of changes in 
Fus3 localization by fluorescence recovery after photobleaching 
(FRAP)’’. We confirmed that the timing of Ste12 de-repression mea- 
sured by loss of Stel2—Dig] FRET was consistent with the dynamics 
of pheromone-induced mRNA transcription. Using RNase protec- 
tion assays, we quantified FUS] mRNA levels. FUS1 mRNA levels 
peaked at 5 min after pheromone stimulation before declining 
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(Fig. 3e and Supplementary Fig. 8). The maximum rate of increase 
in MRNA occurred between 3 and 5 min, consistent with the time of 
maximum loss of Ste12—Dig1 FRET. 

All measurements of signal-relaying events showed a consistent 
pattern of rapid peak and decline towards a plateau after pheromone 
stimulation (Fig. 3f), which suggested the action of one or more fast- 
acting negative feedbacks that might modulate the dose-dependence 
of the signal to achieve dose-response alignment. 


Fus3 mediates negative feedback 

A number of previous studies suggested that the MAPKs Fus3 and 
Kss1 might mediate rapid negative feedback. Our previous study of 
regulated cell-to-cell variation in system output revealed a Fus3- 
dependent reduction in variation, suggesting an autoregulatory 
negative feedback mediated by Fus3 (ref. 5). One study showed that 
levels of phosphorylated Fus3 were higher in cells bearing a kinase- 
dead mutant version of Fus3 (ref. 24). Another study showed that 
Ste5(T287A) mutant cells, in which the Ste5 protein is mutated at the 
site of a threonine residue phosphorylated by Fus3 on Ste5-derived 
peptides in vitro, showed increased reporter expression”®, albeit with 
no change in the ECs, of the dose response. Another study found that 
glutamate substitutions at candidate sites of Fus3 phosphorylation 
on Ste7 decreased on-scaffold Fus3 activation and mating effi- 
ciency~’. Additionally, phosphoproteomic studies of pheromone res- 
ponse system proteins have uncovered numerous sites of 
phosphorylation on system proteins, and many of these phosphor- 


Figure 4 | Fus3 mediates negative feedback. Values are scaled to peak 
signal measured in cells stimulated with only pheromone. Error bars indicate 
+ standard error for all panels: P, stimulated with 100 nM pheromone; P+I, 
stimulated with 100 nM pheromone plus 10 1M 1-NM-PP1; I, 10 uM 1-NM- 
PP1; U, untreated. a, Fus3 mediates negative feedback. In fus3-as2 cells 
(RY1134b), mean (n = 4) Fus3 phosphorylation peaked and declined, as in 
FUS3 cells (Fig. 3b), after pheromone stimulation (black circles), but did not 
decline when we stimulated cells simultaneously with Fus3-as2 inhibitor 
(green circles). Treating cells with only inhibitor (grey circles) caused the 
signal to rise slowly, indicating that cells actively regulate basal signal level. 
b, Kss1 does not mediate negative feedback. In kss1-as2 cells (RY1133b), 
mean (n = 4) Fus3 phosphorylation in pheromone-stimulated cells without 
(black circles) or with (green circles) simultaneous treatment with Kss1-as2 
inhibitor were identical. Treating cells with only inhibitor caused no 
significant increase in Fus3 phosphorylation (grey circles). ¢, Fus3-mediated 
feedback acts on or upstream of Ste5 membrane recruitment. In fus3-as2 
cells (RY2013), median YFP—Ste5 membrane recruitment peaked and 
declined after pheromone stimulation (filled circles; n = 361), but did not 
decline after simultaneous treatment with Fus3-as2 inhibitor (blue squares; 
n= 196). There was no relative Ste5 recruitment in cells treated with 
inhibitor alone (open diamonds; n = 134) or in completely untreated cells 
(grey triangles; n = 220). The small increase in Fus3 phosphorylation 
measured in cells treated with inhibitor only (black circles in a) suggests that 
additional Fus3-independent mechanisms maintain low basal levels of Ste5 
recruitment. d, Fus3-mediated negative feedback acts downstream of 
G-protein dissociation. In fus3-as2 cells (RY2062b, derived from TMY101 
(ref. 6)), median Gpal—Ste18 loss of FRET peaked and declined in 
pheromone-stimulated cells (filled circles; n = 262) with the same dynamics 
as in pheromone-stimulated cells simultaneously treated with Fus3-as2 
inhibitor (purple squares; n = 263). Unstimulated cells in the presence 
(open diamonds; n = 229) or absence (grey triangles; n = 143) of inhibitor 
showed no loss of Gpal—Ste18 FRET. e, One target of Fus3-mediated 
negative feedback is a novel Sst2-dependent increase in YFP—Ste5 
recruitment. Median YFP-Ste5 membrane recruitment in pheromone- 
stimulated fus3-as2 Asst2 cells (RY2024) peaked and declined both in 

the absence (black circles; n = 188) or presence (cyan squares; n = 300) of 
Fus3-as2 inhibitor, similar to SST2 cells with active Fus3 (black circles, panel 
c). Grey triangles indicate unstimulated cells (n = 268). f, Mutation of 
predicted Fus3/MAPK phosphorylation site in Sst2 DEP1 domain 
eliminated Sst2 promotion of YFP-Ste5 recruitment. Median (+ standard 
error) YFP—Ste5 membrane recruitment in pheromone-stimulated 
sst2(T134A) (RY2077) cells peaked and declined both in the absence (filled 
circles; n = 309) and presence (cyan squares; n = 321) of inhibitor, similar to 
Asst2 cells (panel e). Grey triangles indicate unstimulated cells (n = 334). 
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ylation sites lie in consensus MAPK target sequences (R. Maxwell and 
O. Resnekov, personal communication). Finally, work with one 
pheromone response system model showed that feedbacks, including 
one from Fus3, increased the alignment of upstream and downstream 
dose responses*'. We therefore proposed that the signal decline at 
different measurement points depends on non-translational, fast- 
acting negative feedbacks mediated by Fus3 or Kss1. 

To test whether Fus3 or Kss1 is a source of negative feedback on 
system activity, we compared the baseline system response, at system 
points up to and including Fus3 phosphorylation, with system 
response after selective inhibition of either Fus3 or Kss1 kinase activ- 
ity. To do this, we first modified reporter strains by replacing either 
FUS3 or KSS1 with the corresponding purine-analogue-sensitive 
allele’. We did this by changing the ‘gatekeeper’ residue in each 
kinase’s ATP binding pocket (Q93 in Fus3; N94 in Kss1) to an ala- 
nine. The mutant fus3-as2 and kss1-as2 kinases were active, as mea- 
sured by fluorescent protein reporter gene output (Supplementary 
Fig. 9a), and 10 uM 4-amino-1-(tert-butyl)-3-(1'-naphthylmethyl)- 
pyrazolo[3,4-d] pyrimidine (1-NM-PP1), a cell-permeable adenosine 
analogue, inhibited the activity of mutant kinases without inhibiting 
wild-type kinases (Supplementary Fig. 9b). We then quantified Fus3 
phosphorylation by quantitative immunoblotting after stimulation 
with pheromone, either with or without simultaneous inhibition 
with 1-NM-PP1 (Fig. 4a). Fus3 phosphorylation levels did not peak 
and decline to a plateau when we inhibited Fus3-as2, but, rather, 
remained high, near peak levels. By contrast, when we inhibited 
Kssl-as2, Fus3 phosphorylation levels were unaffected (Fig. 4b). 
These results indicated that Fus3 kinase activity mediated one or 
more negative feedbacks in this system. 

We then studied where in the system the Fus3-dependent feedback 
acted to diminish signal amplitude. The decrease in G-protein FRET 
within 30s of stimulation depends on Sst2 (ref. 6). This finding 
suggested that the Fus3-dependent negative feedback might upregu- 
late the GTPase-activating protein (GAP) function of Sst2, which 
would increase G-protein re-association and decrease downstream 
signal. We tested whether Fus3-as2 inhibition affected the observed 
decline in both G-protein dissociation and Ste5 recruitment. 
Inhibition of Fus3 activity eliminated the decline in Ste5 transloca- 
tion (Fig. 4c), but surprisingly had no effect on the decline in 
G-protein dissociation in a G-protein FRET reporter strain carrying 
fus3-as2 (Fig. 4d and Supplementary Fig. 10). These results indicated 
that Fus3-mediated negative feedback acted downstream of mechan- 
isms regulating G-protein association. 

To confirm that Fus3 acted downstream of G-protein activation, 
we measured Ste5 recruitment after deleting SST2. We expected 
deletion of SST2 to have no effect on Fus3-mediated signal decline, 
as Sst2 is required for efficient G-protein inactivation and, as we 
showed above, Fus3-mediated negative feedback does not reduce 
G-protein dissociation levels. Unexpectedly, when we deleted SST2, 
we completely disrupted Fus3-mediated signal decline; unlike SST2* 
cells, inhibition of Fus3 did not cause an increase in Ste5 recruitment 
(Fig. 4e). Furthermore, Ste5 recruitment (with or without Fus3- 
mediated feedback) peaked and declined similar to the baseline res- 
ponse of SST2* cells (compare squares and circles in Fig. 4e with 
circles in Fig. 4c). This finding showed that signal peak and decline is 
the default behaviour in the absence of Sst2. Because a sustained non- 
declining signal is only evident in SST2* cells in the presence of Fus3- 
as2 inhibitor, these results also indicate that Sst2 promotes Ste5 
membrane recruitment, a hitherto unknown function of the regu- 
lator of G-protein signalling (RGS) protein family, and that Fus3 
negatively regulates this novel signal-promoting function (Fig. 5a). 

We then investigated which portions of the Sst2 protein might be 
involved in promoting Ste5 membrane recruitment. During analysis 
of Sst2 point mutants, we found that Ste5 recruitment in a fus3-as2 
strain that carried sst2(T134A) instead of wild-type Sst2 peaked and 
declined in the presence and absence of Fus3 inhibitor (Fig. 4f), just 
as observed in Asst2 cells (Fig. 4e). The pheromone-induced growth 
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Figure 5 | Dose-response alignment requires Fus3-mediated negative 
feedback. a, Model of negative feedback regulation of Ste5 membrane 
recruitment. Sst2 promotes (thick red arrow) Ste5 recruitment to the 
membrane (blue dashed arrow), and Fus3 negatively regulates this signal 
promotion (thick T-bar arrow). b, Fus3 inhibition disrupts dose-response 
alignment. In pheromone-stimulated fus3-as2 (RY2052b) cells, inhibition of 
Fus3 kinase activity (green circles) reduced the sensitivity (ECs0) of the dose 
response of mean Fus3 phosphorylation (+ standard error; n = 3-4) relative 
to cells not treated with inhibitor (black filled circles). This measured dose 
response of Fus3 phosphorylation in uninhibited cells is approximately ten 
times more sensitive than a previous measurement in a different strain 
background”. Fus3 phosphorylation was measured after 15 min of 
pheromone stimulation, after the signal reaches the dose-dependent plateau 
(see Fig. 3c). Black lines show fits to Hill functions. Fus3 inhibition reduced 
the ECso of the dose response by greater than 20-fold without affecting the 
gradedness (cooperativity) of the average response (see Supplementary 
Information for details). 


inhibition of sst2(T134A) cells reported by halo assays was close to 
wild-type levels (Supplementary Fig. 11a), and the average number of 
Sst2(T134A) protein molecules per cell was similar to Sst2 abundance 
in the parent strain (Supplementary Fig. 11b), suggesting that the 
T134A mutation disrupts a significant fraction of the Fus3-depend- 
ent, signal-promoting function of Sst2 without disrupting the bulk of 
its signal-reducing GAP activity. T134 lies within the N-terminal 
DEP domains of Sst2, which are required for localization of Sst2 
to the membrane by binding the cytosolic tail of Ste2 (ref. 33). 
These results indicate that the DEP domains in Sst2 might aid Ste5 
membrane recruitment, perhaps by providing additional membrane- 
proximal interaction surfaces, and suggest that mechanisms that 
regulate localization of Sst2 to the membrane, such as disruption 
of Sst2—Ste2 interactions by Yck1/2-mediated phosphorylation after 
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longer periods of pheromone stimulation*’, might consequently 
regulate Stes membrane recruitment. 


Fus3-generated negative feedback aligns dose responses 


Finally, we tested whether dose-response alignment between recep- 
tor-pheromone binding and downstream activities required Fus3 
activity. In principle, Fus3-mediated negative feedback might scale 
system activity by a dose-independent factor, and therefore cause no 
shift in the normalized dose-response curve. For example, the 
Ste5(T287A) mutation increases the magnitude of system output 
relative to wild-type cells without changing the pheromone concen- 
tration yielding half-maximal response (see Fig. 5 in ref. 28). We 
measured dose responses of Fus3 phosphorylation in a fus3-as2 strain 
with and without inhibitor 15 min after pheromone stimulation, the 
time when the amount of Fus3 phosphorylation had declined to a 
steady-state level (Fig. 3c). Inhibiting Fus3 kinase activity shifted the 
dose response of Fus3 activation, lowering the pheromone concen- 
tration needed for half-maximal response by 20-fold (Fig. 5b). 
Moreover, Fus3-mediated negative feedback reduces the dynamic 
range of the output by only 50% (see Supplementary Information 
8.2 and Supplementary Fig. 14). These results showed that Fus3- 
mediated negative feedback was required for dose—response align- 
ment in the yeast pheromone response system. 


Discussion 


We found that MAPK Fus3 mediates rapid negative feedback that 
aligns the dose responses of upstream and downstream system activi- 
ties in the pheromone response system. We propose that dose— 
response alignment improves information transmission through this 
and other signalling systems. Furthermore, we found that Fus3 nega- 
tively regulates a novel signal-promoting function of the RGS protein 
Sst2. Our results demonstrate that RGS proteins, present in many 
eukaryotic signalling systems (the human RGS family, for example, 
contains more than 35 members”), can function in signal transduc- 
tion systems by increasing signal in addition to accelerating G-protein 
inactivation, possibly (as in the case of pheromone response) by facili- 
tating recruitment of MAPK scaffolds to sites of activity. 

The idea that dose-response alignment increases the amount of 
transmitted information has practical implications for drug discov- 
ery and design. For example, consider a drug that increased the 
sensitivity of cells to a naturally occurring antagonist of cell prolif- 
eration, analogous to the downstream dose-response shift we 
observed on Fus3 inhibition in the pheromone response system 
(Fig. 5b). Despite increasing the average sensitivity of cells to signals 
to stop growth, the dose-response misalignment could reduce the 
amount of transmitted information about the signal. The decrease in 
transmitted information could increase cell-to-cell variation in res- 
ponse, causing a larger number of cells to fall below a threshold in 
antagonist response and continue proliferation. It is possible that 
some existing drugs that allosterically modify G-protein-coupled 
receptor signalling systems downstream of ligand binding (see 
Fig. 3 in ref. 35) and those that target mid-system signalling mole- 
cules such as PKC** and AKT” may decrease dose-response align- 
ment and increase response variation, whereas drugs that specifically 
affect the affinity of receptor—ligand binding (see Fig. 5 in ref. 35) 
should not. 

We propose here that the fidelity with which a cell responds to 
different input concentrations of a ligand depends on a ‘systems- 
level’ quantitative behaviour, dose-response alignment, found in 
many other cell signalling systems. For biological systems, a deeper 
understanding of key quantitative behaviours will probably depend 
on articulating appropriate analytical frameworks and metrics. 
Information theory®* defines a framework for quantifying the rela- 
tionship between system input and output (see Supplementary 
Information 9 for further discussion), and has enabled researchers 
to quantify, for example, the amount of information that an axon ofa 
single sensory neuron can transmit® and the amount of information 
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about morphogen gradient that a transcription factor can transmit to 
a downstream effector***'. In much the same way as concepts from 
classical electromagnetism provide rigorous means to describe and 
understand the determinants of behaviours of electrical circuits, we 
expect that concepts from information theory will enable more rig- 
orous and quantitative understanding of how the protein compo- 
nents of complex vertebrate cell signalling systems interact to sense 
and transmit information into the cell. 


METHODS SUMMARY 


We constructed yeast strains and plasmids by standard methods**” essentially as 
described (ref. 5 and Supplementary Information 1). By doctrine, we expressed 
all reporter constructs from native promoters integrated into the chromosome, 
and verified that the level of expressed protein was similar to the native level. 
With the exception of strains used for G-protein FRET experiments, we con- 
structed all strains from the otherwise-isogenic bar1” W303a reference parent 
strain, ACL 379 (ref. 5), by the steps described. We stimulated exponentially 
growing cells with the indicated concentration of pheromone and/or other 
reagents (such as the inhibitor 1-NM-PP1) in one of two ways. For image 
cytometry, we affixed the cells to the bottom of wells in a glass-bottom 96-well 
plate, as described previously’ and in Supplementary Information 2.1. Using 
custom fluidic hardware, we evacuated medium from the well, injected fresh 
medium containing the indicated concentration of pheromone and/or inhibitor, 
and proceeded to record images over time. For MAPK phosphorylation, FUS1 
mRNA, and flow cytometry experiments, we stimulated cells by using a micro- 
pipette to mix a small volume of pheromone and/or inhibitor into the cell 
suspension to the final concentration (as indicated, typically 100 nM pheromone 
and 10M 1-NM-PP1). We performed image acquisition essentially as 
described’, with modifications as detailed in Supplementary Information. 
For image cytometry, we extracted values for parameters of interest from images 
using Cell-ID 1.0 (ref. 23). We analysed image and flow cytometric data using 
Physics Analysis Workstation (see ref. 44) and custom scripts, depending on the 
type of image, described in the text and in Supplementary Information. 
Supplementary Information contains further details on plasmids, strains, con- 
struction methods, materials and experimental methods. 
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The replisome uses mRNA as a primer 
after colliding with RNA polymerase 


Richard T. Pomerantz! & Mike O'Donnell! 


Replication forks are impeded by DNA damage and protein-nucleic acid complexes such as transcribing RNA polymerase. 
For example, head-on collision of the replisome with RNA polymerase results in replication fork arrest. However, 
co-directional collision of the replisome with RNA polymerase has little or no effect on fork progression. Here we examine 
co-directional collisions between a replisome and RNA polymerase in vitro. We show that the Escherichia coli replisome uses 
the RNA transcript as a primer to continue leading-strand synthesis after the collision with RNA polymerase that is displaced 
from the DNA. This action results in a discontinuity in the leading strand, yet the replisome remains intact and bound to DNA 
during the entire process. These findings underscore the notable plasticity by which the replisome operates to circumvent 
obstacles in its path and may explain why the leading strand is synthesized discontinuously in vivo. 


DNA damage and high affinity protein—nucleic acid complexes, such 
as transcribing RNA polymerase (RNAP), act as impediments to bac- 
terial and eukaryotic replication forks’. Arrest of the replication 
machinery can lead to mutagenesis and cell death. Thus, several path- 
ways have evolved to repair and restart various types of collapsed 
replication forks. Mechanisms that facilitate replication past sites of 
DNA damage, such as recombinational repair and translesion syn- 
thesis, have been widely studied***°. However, little is known about 
how the replisome proceeds through protein—nucleic acid blocks. In 
particular, replication forks often collide with transcription complexes 
that translocate in the same (co-directional) or opposite (head-on) 
direction as the replisome’”»”. In bacteria, the rate of replication (~600 
nucleotidess ') is 12-30-fold greater than the rate of transcription 
(20-50 nucleotides s') and there is no temporal separation between 
the two processes’”'®"'. Thus, both head-on and co-directional colli- 
sions between the replisome and RNAP are probably frequent. Here we 
investigate the mechanism by which the E. coli replisome passes a 
RNAP that is co-directional with replication fork movement. 

Essential genes and most transcription units in bacteria are encoded 
by the leading strand, which suggests a natural selection for co- 
directional collisions in the cell’*'?"™. It therefore seems probable that 
cell survival requires the resolution of co-directional collisions in a 
manner that does not block fork progression. Indeed, in vivo studies in 
bacteria and eukaryotes indicate that co-directional transcription 
complexes do not impede replisome progression’*'**°. In contrast, 
head-on collisions predominately result in replication fork arrest and 
induce DNA recombination in bacteria and yeast’*'**!. In eukar- 
yotes, replication fork barriers have evolved that prevent head-on 
collisions within highly expressed genes during S_ phase’. 
Furthermore, a recent study indicates that human cells also favour 
co-directional movement of the replisome with RNAP”. 

In a co-directional collision, the leading-strand DNA polymerase 
and RNAP use the same strand as a template (see Fig. 1a). The repli- 
cative helicase, DnaB, unwinds the DNA ahead of the E. coli replica- 
tion fork by translocating on the opposite (lagging) strand. Thus, the 
helicase may continue past the RNAP in which case a physical inter- 
action between the two co-directional polymerases on collision is 
almost certain. A question remains as to how the replication fork then 
bypasses a co-directional RNAP without collapsing. Previous in vitro 


studies of the bacteriophage T4 replisome indicate that a co- 
directional transcription complex poses no obstacle to the progression 
of the T4 replication fork’**’. These studies indicated that RNAP 
remains bound to the DNA during passage of the T4 replisome. 

In this report we determine a new mechanism by which the E. coli 
replisome bypasses a co-directional transcription complex in vitro. 
We have used T7 RNAP as well as E. coli RNAP and found that the 
leading strand terminates after collision with RNAP, but in a notable 
transaction the replisome uses the messenger RNA as a primer to 
continue the leading strand. This process results in a discontinuity in 
the leading strand and therefore may explain why leading-strand 
synthesis is performed discontinuously in vivo**”’. 


Observation of co-directional collisions 

The E. coli replicase—referred to as DNA polymerase III (Pol II) 
holoenzyme—is a multicomponent protein complex that performs 
rapid and highly processive replication of chromosomal DNA**”’. A 
co-directional RNAP may block the leading strand, and the current 
report focuses on leading-strand synthesis by omitting primase. The 
proteins that perform leading-strand synthesis are illustrated in Fig. la 
and include the following components: Pol III; the B-clamp, which 
confers processivity to PollII; the clamp-loader, which assembles 
clamps at primed sites; and the DnaB helicase, which unwinds duplex 
DNA ahead of the replication fork. 

We first investigated the effect ofa co-directional bacteriophage T7 
transcription complex on the progression of the E. coli replication 
fork. We constructed a 2.2-kb linear forked DNA template that sup- 
ports replication from one end and includes a co-directional T7 
RNAP promoter 1kb downstream from the replication fork 
(Fig. 1b). T7 RNAP serves as a model system for multisubunit 
RNAPs such as E. coli RNAP and the basic mechanisms of transcrip- 
tion are identical between these enzymes”. 

During transcription initiation, RNAP binds to the promoter and 
unwinds DNA to form an open promoter complex. In Fig. 1c we 
addressed whether a co-directional T7 RNAP open promoter com- 
plex affects progression of the replication fork. The Pol III holoen- 
zyme, DnaB and T7 RNAP were first pre-incubated with the 2.2-kb 
linear forked DNA in the presence of ATP, which results in the 
assembly of the replisome at the fork and a T7 RNAP open promoter 
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Figure 1| Leading-strand synthesis is interrupted by a co-directional RNA 
polymerase. a, Schematic of replisome components and a co-directional 
RNAP. Replisome proteins include: Pol III core (orange), §-clamp (dark 
blue), DnaB (yellow) and the clamp-loader (light blue). Primase was omitted 
from reactions and the lagging-strand polymerase is not pictured. b, A 2.2-kb 
template was constructed that supports leading-strand synthesis and co- 
directional transcription. c, d, Leading-strand synthesis was performed in 
the presence of increasing concentrations of an RNAP open (c) and halted 
elongation (d) complex. Radiolabelled DNA products were analysed on 
alkaline agarose gels (c, d). 


complex. Leading-strand synthesis was initiated by the addition of 
a-**P-labelled deoxyribonucleoside triphosphates (dNTPs), and 
DNA products were analysed by electrophoresis in denaturing alka- 
line agarose gels. The results show that replisome progression is 
unaffected by the open promoter complex, as indicated by the 
appearance of only the full-length product (2.2 kb; Fig. 1c). 

Once RNAP synthesizes a transcript ~ 10-12 nucleotides in length, 
it leaves the promoter and enters into a highly processive elongation 
complex*’**. Elongating RNAP often pauses or is arrested because of 
regulatory signals or lesions in the DNA*”’. Halted elongation com- 
plexes increase the probability of replisome—RNAP collisions in the 
cell, especially in strains that lack factors which revive or displace a 
halted RNAP**. To examine whether a halted co-directional T7 
RNAP affects fork progression we added ATP and GTP, enabling 
RNAP to synthesize a 22-nucleotide transcript (Fig. 1d). If replisome 
advance is not blocked by a co-directional transcription complex, as 
indicated by in vivo studies, the full-length 2.2-kb product should still 
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be observed. However, the result indicates that RNAP prevents the 
formation ofa full-length leading-strand product and instead yields a 
1-kb product—the distance to the halted RNAP (Fig. 1d). Notably we 
also observe a 1.2-kb product, which corresponds to the length of the 
DNA template downstream from the promoter. The formation of the 
1-kb product suggests that leading-strand synthesis is terminated by 
the halted RNAP, but the 1.2-kb product suggests the unexpected 
possibility that the leading strand is reinitiated using the messenger 
RNA as a primer. This hypothesis predicts that the position of the 
RNAP along the template dictates the length of the two leading- 
strand products. Indeed, moving the promoter to a different position 
changes the lengths of the upstream and downstream leading-strand 
products accordingly (Supplementary Fig. 1). 


Pol Ill uses an RNA transcript as a primer 


To gain further evidence that Pol III uses the RNA transcript as a 
primer, we terminated the mRNA before initiating replication by 
adding 3'-deoxy-cytidine-ribonucleoside-triphosphate (3’dCTP), 
an RNA chain terminator that is incorporated by RNAP (Fig. 2a). 
The addition of 3’dCTP prevented synthesis of the downstream por- 
tion of the leading strand (1.2-kb DNA), but did not affect synthesis 
of the initial 1-kb product (Fig. 2a, compare lanes 1 and 2). Similar 
results were obtained using a template that includes the promoter at a 
different position (Supplementary Fig. 2). Next, we observed exten- 
sion of the transcript by Pol III directly by labelling the RNA instead 
of the DNA (Fig. 2b). In this case a-?P-GTP and a-**P-ATP were 
added, which are incorporated into the 22-nucleotide transcript by 
RNAP before replication (Fig. 2b, lane 1). Initiating replication 
results in extension of the transcript to 1.2 kb, corresponding to the 
length of the DNA downstream from the halted RNAP (Fig. 2b, lane 
2). These results confirm that the mRNA is extended by Pol III. 
Next we used a 2.2-kb linear duplex without a forked junction to 
determine whether the replication proteins could assemble at the tran- 
scription bubble ofa halted RNAP and extend the RNA to forma 1.2-kb 
product (Fig. 2c). However, no products were observed in the absence 
of a replication fork (Fig. 2c, lane 2). Therefore, collision of the repli- 
some with the RNAP is required for Pol III extension of the transcript. 
The result in lane 2 (Fig. 2c) also demonstrates that RNAP is unable to 
form the 1.2-kb downstream product by misincorporating dNTPs. 


Fate of the replisome and RNA polymerase 


Because the replisome must collide with the transcription complex to 
gain access to the RNA, it is probable that the collision results in dis- 
placement of RNAP from the DNA. To test this we immobilized a His- 
tagged T7-RNAP-halted elongation complex to Ni’>* beads and 
addressed whether the DNA remains bound to the RNAP (pellet) or 
is released into solution (supernatant) after a co-directional collision 
(Fig. 3a). The transcription complex was first immobilized, and then 
unbound DNA and RNAP were removed by washing followed by the 
initiation of replication. Upstream (1 kb) and downstream (1.2 kb) pro- 
ducts were only observed in the supernatant, indicating that RNAP is 
displaced by the replisome (Fig. 3a, left). Some full-length product was 
also observed, presumably owing to a fraction of transcription com- 
plexes that dissociated before replication. In the absence of replication, 
the DNA was analysed in a native agarose gel stained with ethidium 
bromide (Fig. 3a, right). In this case most of the DNA remained bound 
to RNAP (pellet), whereas only a small fraction of the DNA was released 
into the supernatant. These data support the conclusion that the repli- 
some displaces a co-directional RNAP from the DNA. 

Studies in vivo indicate that replication forks are not impeded by 
collisions with co-directional transcription complexes, suggesting 
that the replisome remains intact during bypass of a co-directional 
RNAP'*'>?6°. An important factor that determines the integrity of 
the replication fork is whether the replicative helicase, DnaB, remains 
associated with the lagging strand (see Fig. 1a). To determine whether 
DnaB dissociates from the replisome during bypass of a co- 
directional RNAP we assembled the replisome and a halted T7 
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Figure 2 | The replisome extends the transcript of a co-directional RNA 
polymerase. a, A co-directional collision of the replisome with a halted 
RNAP was performed. Extension of the RNA was permitted (lane 1) or 
blocked (lane 2) by the addition of RNA chain terminator 3’dCTP. RNA 
sequences are indicated. b, The transcript was radiolabelled by the addition 
of o-*?P-GTP and «-*?P-ATP and analysed by urea-PAGE before (lane 1) 
and after (lane 2) replication. ¢, A co-directional collision was performed on 
a template that either includes (lane 1) or lacks (lane 2) a fork structure. 
Radiolabelled DNA products were analysed on alkaline agarose gels (a, c). 


RNAP on a biotinylated template in the presence of ATP and GTP, 
and then immobilized the DNA to streptavidin beads (Fig. 3b). 
Excess unbound DnaB and PollIII holoenzyme were removed by 
washing. Replication was then initiated after the addition of 
dNTPs, the B-clamp and single-strand binding protein (SSB), and 
radiolabelled DNA products were analysed on an alkaline agarose gel. 
The results show that both 1- and 1.2-kb products were formed, 
indicating that the replisome can bypass a co-directional RNAP with- 
out dissociating from DNA (Fig. 3b, lane 2). In a control reaction 
RNAP was omitted, which resulted in only full-length product 
(Fig. 3b, lane 1). A further control reaction demonstrates that 
replication proteins do not adhere to the beads after washing 
(Supplementary Fig. 3). To ensure that DnaB is a necessary particip- 
ant in these reactions, the experiment was repeated but the helicase 
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Figure 3 | The replisome remains intact and displaces a co-directional RNA 
polymerase from the DNA. a, A His-tagged RNAP halted elongation 
complex was assembled and immobilized to Ni?* beads. Excess RNAP and 
DNA were removed by washing followed by replication initiation. 
Supernatant and pellet fractions were analysed on an alkaline agarose gel 
(left). A His-tagged RNAP-halted elongation complex was assembled and 
immobilized as in the left panel; however, replication was not initiated. 
Supernatant and pellet fractions were analysed on a non-denaturing agarose 
gel stained with ethidium bromide (bottom right). b, Leading-strand 
synthesis was performed in solid-phase after the removal of excess Pol III* 
and DnaB (lanes 1 and 2) in either the presence (lanes 2 and 3) or the absence 
(lane 1) of a co-directional halted RNAP. DnaB was omitted in lane 3. 
Radiolabelled DNA products were analysed on an alkaline agarose gel. 


was omitted (Fig. 3b, lane 3). The absence of products in lane 3 
indicates that DnaB is required for leading-strand synthesis, as 
expected. These results indicate that the only proteins required for 
replisome bypass of a co-directional RNAP are those that are 
present at the replication fork, and that the replisome bypasses 
RNAP without collapsing. 


Replisome bypass of E. coli RNA polymerase 


Although T7 RNAP serves as an important model enzyme, the multi- 
subunit E. coli RNAP could conceivably behave differently. 
Therefore, we examined the replisome for the ability to bypass a 
halted E. coli RNAP (Fig. 4). We constructed a linear 3.5-kb DNA 
that includes the strong E.coli RNAP T7A1 promoter 1.1 kb down- 
stream from the replication fork and a biotin at the downstream edge. 
A halted E. coli RNAP elongation complex was first assembled by the 
addition of E. coliRNAP o”° holoenzyme, ApU, GTP, CTP and ATP, 
which limits RNA synthesis to 20 nucleotides. The DNA was then 
immobilized to streptavidin beads and washed with high salt to 
remove non-specific RNAP—DNA complexes. The fork was ligated 
to the DNA followed by initiation of replication. Similar to experi- 
ments using a halted T7 RNAP, we observe replication products 
corresponding to the lengths of the template upstream (1.1 kb) and 
downstream (2.4 kb) from the promoter as well as some full-length 
product (Fig. 4, lane 2). The percentage of full-length product (33%) 
corresponds relatively well to the number of promoters unoccupied 
by RNAP (24%; Supplementary Fig. 4). Omitting RNAP from the 
reaction resulted in only full-length product (Fig. 4, lane 1). Finally, 
we observe Pol III extension of the 20-nucleotide E. coli RNAP tran- 
script directly by labelling the RNA (Supplementary Fig. 5). These 
data indicate that the replisome can bypass a halted co-directional 
E. coli RNAP by using the transcript as a primer to continue the 
leading strand as observed using the T7 RNAP. 
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Figure 4 | Replisome bypass of a co-directional E. coli RNAP elongation 
complex. Leading-strand synthesis was performed in solid phase on a 3.5-kb 
template that either includes (lane 2) or lacks (lane 1) a co-directional halted 
E. coli RNAP elongation complex. Radiolabelled DNA products were 
analysed on an alkaline agarose gel. The percentage of full-length product is 
indicated and was calculated as described in the Methods. 

Discussion 


Here we demonstrate that leading-strand synthesis is terminated 
after colliding with a co-directional RNAP, but can then be reini- 
tiated by using the mRNA as a primer. A model of this mechanism is 
presented in Fig. 5. We propose that RNAP is displaced from the 
DNA by the leading-strand polymerase, whereas DnaB remains 
bound to the lagging strand. The leading-strand polymerase hops 
over the mRNA by remaining bound to the clamp-loader which 
assembles a new clamp at the 3’ terminus of the RNA—DNA hybrid. 
PollII then binds to the newly assembled clamp and extends the 
transcript, leaving behind a nick or gap in the leading strand. The 
RNA can then be excised and replaced by DNA in a similar repair 
reaction as occurs during the maturation of Okazaki fragments. 
The scheme hypothesized in Fig. 5 has precedent in synthesis of 
the lagging strand in which PollIII rapidly hops from a clamp on a 
completed Okazaki fragment to a newly assembled clamp on a RNA-— 
DNA hybrid every few seconds. Collision of the lagging strand poly- 
merase with the 5’ terminus of an Okazaki fragment triggers the 
release of Pol III from the clamp”. Thus, the hopping of the lead- 
ing-strand polymerase proposed in Fig. 5 may be initiated by a similar 
collision mechanism. During lagging-strand synthesis RNA primers 
are made by primase. Here the RNA primers are provided by RNAP on 
the leading strand. Primase activity on the leading strand is probably 
low because it requires stimulation by DnaB on the lagging strand. 
In vivo, replication forks presumably encounter co-directional RNAPs 
that have synthesized long transcripts. We are at present investigating the 
consequence of replisome collision with co-directional transcription 
complexes farther downstream from the promoter. Replisome takeover 
oflong transcripts in the cell might trigger translational regulatory mecha- 
nisms such as the trans-translation system, which removes stalled ribo- 
somes from truncated mRNA and targets the mRNA for degradation”. 
Synthesis of the leading strand is predominately viewed asa continuous 
process. This view is mostly on the basis of in vitro studies that lack 
impediments to the replication fork. In contrast, several in vivo studies 
demonstrate that the leading strand is synthesized in a discontinuous 
fashion even as far back as Okazaki’s original work**’”*”, One source 
of leading-strand interruptions could be due to replication fork collapse, 
because restart mechanisms that reactivate the fork involve new primers 
and thus produce single-strand gaps*“**”. Here we provide anew explana- 
tion for leading-strand interruptions in which a replication fork simply 
recruits the 3’ terminus ofthe mRNA to continue leading-strand synthesis 
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after a collision with RNAP. These protein dynamics emphasize the 
remarkable plasticity of the moving replisome apparatus, and underscore 
a driving force during evolution that has enabled replication machines to 
efficiently deal with obstacles along the path of chromosome duplication. 
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Figure 5 | Model of replisome bypass of a co-directional RNA polymerase. 
a, The replisome encounters a co-directional RNAP. b, RNAP is displaced 
from the DNA. The lagging-strand polymerase dissociates from the B-clamp 
and DNA but remains bound to the clamp-loader. DnaB remains bound to 
the lagging strand. c, The clamp-loader assembles a new [-clamp at the 3’ 
terminus of the RNA—DNA hybrid. d, The leading-strand polymerase binds 
to the newly assembled }-clamp. e, The leading-strand polymerase extends 
the mRNA leaving behind a nick or gap in the leading strand. 
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METHODS SUMMARY 

DNA templates. Linear forked DNA was prepared in a similar fashion to a 
previous study“’. For 2.2-kb DNA, pPK7 (ref. 31) was digested with Bsal followed 
by ligation in the presence of excess complementary forked DNA that was pre- 
annealed by mixing oligonucleotides RP25, RP26 and RP33 together, followed 
by boiling and slow cooling to room temperature. The 2.2-kb DNA without a 
fork was prepared by digesting pPK7 with Bsal. For the 10.5-kb DNA, pRSF2 was 
digested with Sap! and then ligated in the presence of excess forked DNA (RP25, 
RP26 and RP10). For the 3.5-kb DNA, PCR was performed using pRP50 as a 
template and the primers RP64B and RP65. The PCR product was purified, 
digested with SapI and then ligated in the presence of excess forked DNA 
(RP25, RP26 and RP10). The ligation products were purified by gel filtration 
followed by phenol extraction and ethanol precipitation. 

Leading-strand synthesis. DnaB (44.8 pmol, as hexamer) was incubated with 
1.5nM final concentration of linear forked DNA in 15 pl of buffer A (20 mM 
Tris-HCl, pH 7.5), 8mM MgCh, 0.5mM EDTA, 5 mM dithiothreitol, 10% gly- 
cerol) for 15s at 23°C. Then 488 fmol of Pol III* (Pol III holoenzyme minus 
B-clamp), 1.5 pmol of B-clamp, 2mM ATP and 60 1M each of dGTP and dATP 
were added to a volume of 20ul and incubated a further 5min at 23°C. 
Replication was initiated after adding 1 ug SSB and o-**P-dTTP and «-**P- 
dCTP (specific activity, 3,000-5,000 c.p.m. pmol _') to a final volume of 25 ul. 
Reactions were terminated after 10 min on adding 5 pl of 120 mM EDTA and 3% 
SDS. All experiments (except where indicated) used Pol III* reconstituted from 
pure subunits and an ¢-mutant that abolishes 3’-5’ exonuclease activity*’. 
Radiolabelled products were analysed in alkaline agarose gels. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Co-directional collision of the replisome with T7 RNAP. Leading-strand syn- 
thesis was performed as described in Methods Summary except for the following 
additions: 20 nM (or as specified) T7 RNAP was added along with Pol III* and 
B-clamp. Then, either 3 4M GTP or a mixture of 3 tM GTP and 1 uM UTP was 
added along with DnaB to assemble a T7 RNAP-halted elongation complex on 
the 2.2-kb and 10.5-kb templates, respectively. Assembly of the T7 RNAP open 
promoter complex required no additional NTPs. Twenty micromolar 3’dCTP 
(TriLink) was added along with DnaB in the experiments shown in Fig. 2a and 
Supplementary Fig. 2. Supplementary Figs 1 and 2 included a 10.5-kb forked 
DNA template instead of the 2.2-kb DNA substrate and a mixture of 3-11M GTP 
and 1-1M UTP was added along with DnaB. 

In the experiment of Fig. 2b, 20 reactions were pooled, dNTPs were unlabelled, 
and a-**P-GTP and o-°*P-ATP were added along with DnaB and Pol III*, 
respectively. Reactions were terminated by removing nucleotides through cen- 
trifugation over G-25 spin columns (Roche) followed by phenol extraction and 
ethanol precipitation with 10 1g of carrier DNA. Precipitated nucleic acid was 
resuspended in 10 ul of 20 mM Tris-HCl, pH 8.5, and then mixed with 10 ul of 
90% (w/v) formamide and 50 mM EDTA. Samples were boiled and analysed on 
an 8% urea-polyacrylamide gel. 

Collision of the replisome with T7 RNAP immobilized to beads. A final con- 
centration of 130nM of His-tagged T7 RNAP was incubated with a final con- 
centration of 10nM of 2.2-kb linear forked DNA along with 300 1M GTP and 
100 uM ATP in 25 ul of buffer A for 5 min at room temperature. Thirty micro- 
litres of Ni?* magnetic coated beads (Promega) was added for a further 5 min. 
Next, the beads were washed three times with 100 ul of buffer A. Leading-strand 
synthesis was then performed as described in Methods Summary except for the 
following modifications: 1 and 3 pmol of PolIII* and B-clamp were added, 
respectively. After the reaction was terminated, the supernatant (25 ul total 
volume) was removed for analysis. The beads were then washed twice with 
100 ul of buffer A. The pellet fraction was removed from the beads by the 
addition of 0.5M imidazole and 100 mM EDTA in a total volume of 25 pl for 
5 min at room temperature. Equal volumes of supernatant and pellet fractions 
were analysed on an alkaline agarose gel. In the absence of leading-strand syn- 
thesis (Fig. 3a, right), the supernatant and pellet fractions were analysed on a 
native agarose gel stained with ethidium bromide. 

Collision of single replisome particles with T7 RNAP on immobilized DNA. 
Where indicated, 44.8 pmol DnaB was incubated with 5 nM final concentration 
of 2.2-kb linear forked DNA, which was biotinylated at the 5’ terminus of the 
lagging strand, in 15 pl of buffer A for 15s at 23 °C. T7 RNAP (20 1M) and GTP 
(3 uM) were added (where indicated) along with DnaB. Pol III* (841 fmol; 
including wild-type €) and B-clamp (5pmol) were then added along with 
2mM ATP and 60 uM each of dGTP and dATP to a volume of 20 ul for a further 
5 min. Reactions were mixed with 20 pl of streptavidin-coated magnetic beads 
(Invitrogen) pre-washed with buffer A for 10 min at 23 °C. Beads were washed 
three times with 100 ul of buffer A along with 60 1M each of dGTP and dATP, 
2mM ATP, 5 pmol of B-clamp and, where indicated, 20 nM T7 RNAP along with 
3 uM GTP. Beads were resuspended in 20 tl of their respective wash buffers (with 
or without T7 RNAP and GTP) and replication was initiated as described in 
Methods Summary. Reactions were terminated after 20 min by the addition of 
5 pl of 120 mM EDTA and 3% SDS. Beads were boiled and the supernatant was 
removed for gel analysis. Beads were then treated with proteinase K in 10 pl of 
10 mM Tris-HCl, pH 7.5, 5mM EDTA, 1% SDS for 30 min at 50 °C to remove 
residual DNA from the solid support. The supernatant was pooled and radio- 
labelled DNA was analysed on a 1.2% alkaline agarose gel. The experiment in 
Supplementary Fig. 2 was performed in a similar fashion, except that T7 RNAP 
and GTP were omitted and biotinylated DNA was either pre-incubated with 
DnaB or added along with SSB and dNTPs as indicated. 

Co-directional collision of the replisome with an E. coli RNAP elongation 
complex. A final concentration of 500 nM of E. coli RNAP o”° holoenzyme was 
mixed with a final concentration of 5 nM of a 3.5-kb DNA in 100 pl of buffer A 
for 10 min at 37 °C. One-hundred micromolar ApU and 40 uM each of GTP and 
ATP were added for a further 10 min at 37°C. Two-hundred microlitres of 
streptavidin magnetic coated beads (Invitrogen) was added for a further 
10 min at room temperature. The beads were washed five times with 0.9 ml of 
buffer A containing 0.75 M NaCl, 200 ug ml! heparin, and 20 pg ml! single- 
stranded DNA. Next, the beads were washed twice with 0.9 ml of buffer A and 
then resuspended in 100 ll of New England Biolabs buffer 4, and 10 units of Sap I 
(New England Biolabs) was added for 10 min at 37 °C. The beads were washed 
three times with 0.9 ml of buffer A and then resuspended in 50 ul of Quick 
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Ligation reaction buffer (New England Biolabs). Two microlitres of Quick T4 
ligase (New England Biolabs) was added along with 6 nM final concentration of 
pre-annealed forked DNA (RP10, RP22 and RP25) for 10 min at room temper- 
ature. The beads were washed three times with 0.9 ml of buffer A. Next, leading- 
strand synthesis was performed as described in Methods Summary except ten 
reactions were pooled. The beads were boiled after the reaction was terminated 
and the supernatant was purified using the Qiagen PCR Cleanup kit. Purified 
radiolabelled DNA products were analysed on an alkaline agarose gel. The 
percentage of full-length product was calculated using the equation: 
Tey [Ie + Ug3.18)] ~' x 100, in which I}, denotes the intensity of full-length 
product, and Jgrepresents the intensity of the replication block. The factor 
3.18 corrects for the amount of full-length product that would have been formed 
relative to the intensity of the replication block (J) and was calculated by 
dividing the length of the full-length product (3.5kb) by the length of the 
blocked product (1.1 kb). The occupancy of promoters bound by E. coli RNAP 
in Supplementary Fig. 4 was determined by Xhol restriction digest of the immo- 
bilized 3.5kb DNA in the absence of leading-strand synthesis either with or 
without the addition of E. coli RNAP. 

Pol III extension of a co-directional E. coli RNAP transcript. Leading-strand 
synthesis was performed as described in Methods Summary except for the fol- 
lowing modifications: 30 reactions were pooled and performed at 37 °C. Forty 
micromolar each of ApU, GTP and CTP were added along with DnaB, which was 
incubated with DNA for 30s rather than 15s. A final concentration of 50 nM of 
E. coli RNAP o”° holoenzyme was added 2 min after the addition of Pol III* and 
B-clamp. «-*’P-dNTPs were omitted and a-**P-GTP and o-**P-ATP were added 
along with DnaB and Pol III*, respectively. Reactions were terminated by remov- 
ing nucleotides through centrifugation over G-25 spin columns (Roche) fol- 
lowed by phenol extraction and ethanol precipitation with 101g of carrier 
DNA and 30 tg of glycogen. Precipitated nucleic acid was resuspended in 5 tl 
of 20 mM Tris-HCl, pH 8.5, and then mixed with 5 il of 90% (w/v) formamide 
and 50 mM EDTA. Samples were boiled and analysed on an 8% urea-polyacry- 
lamide gel. 

Proteins. Replication proteins were expressed, purified and reconstituted as pre- 
viously described’. T7 RNAP and E. coliRNAP core were gifts from W. T. McAllister 
and S. Darst, respectively. o”° was expressed from pET21aEc(His)6PPXo”° which 
was a gift from S. Darst. His-tagged o”° was purified on a Ni? column and then 
concentrated on a Mono-Q column. 

DNA. pPK7 (ref. 31) was a gift from W. T. McAllister. pRP50 was derived from 
pRL706 (ref. 50) which includes the rpoB gene of E. coli. The T7A1 promoter 
sequence was inserted into the rpoB gene by ligation of pre-annealed oligonu- 
cleotides RP35 and RP36 to Clal-digested pRL706 to form pRP50. pRSF2 was 
constructed by inserting a 6.6-kb synthetic gene into a pRSFDuet-1 vector 
digested with NdeI and BglII. Oligonucleotide sequences were RP10, 5’-phos- 
phate-AGCTGAGACCGCAATACGGATAAGGGCTGAGCACGTCCTGCGA- 
TCTGCAGCCTGCCAGAATCTGTG-3’; RP25, 5’-OH-CACAGATTCTGGC- 
AGGCTGCAGATCGC-3’; RP22, 5’-phosphatase-TTTTTTTTTTTTTTTTTT- 
TITTITTITTITTTTITTTTTTTAGCCCTTATCCGTATTGCGGTCTCA-3’; RP26, 
5'-biotin- TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGCCCTT- 
ATCCGTATTGCGGTCTCA-3'; RP33, 5’-phosphate-CGGTTGAGACCGC- 
AATACGGATAAGGGCTGAGCACGTCCTGCGATCTGCAGCCTGCCAGA- 
ATCTGTG-3'; RP35, 5'-OH-CGGACGTTGACTTAAAGTCTAACCTATAG- 
GATACTTACAGCCATCGAGAGGGACACGGCGAATTCTCGAG-3’; RP36, 
5'-OH-CGCTCGAGAATTCGCCGTGTCCCTCTCGATGGCTGTAAGTATC- 
CTATAGGTTAGACTTTAAGTCAACGTC-3'; RP64B, 5’-biotin-AACCGGT- 
GGAACGCGCGTGC; RP65, 5’-OH-TTTCATCTGCTCTTCCGCTTCCACC- 
GCCTTGGCGAACCGGTG-3’. 

Equipment and settings. All gels with the exception of that in Supplementary 
Fig. 2, were analysed with a phosphorimager using a 200 pixel per inch resolution 
setting. Gel images were then converted to tiff format and adjusted for contrast 
using Adobe Photoshop software version 9. Image sections were then selected, 
copied and pasted into a Canvas version 9 file. Pasted selections were converted 
into images and cropped further using Canvas. The gel in Supplementary Fig. 2 
was photographed while exposed to ultraviolet light. The digital image was 
cropped and adjusted for contrast using Adobe Photoshop version 9. The image 
was then selected, copied and pasted into a Canvas file. All other image art was 
produced using Canvas with the exception of Supplementary Fig. 2, which 
includes a digital graph that was created using Excel. 


50. Severinov, K., Mooney, R., Darst, S. A. & Landick, R. Tethering of the large subunits 
of Escherichia coli RNA polymerase. J. Biol. Chem. 272, 24137-24140 (1997). 


©2008 Macmillan Publishers Limited. All rights reserved 


Vol 456|11 December 2008] doi:10.1038/nature07574 


nature 


LETTERS 


Strong water absorption in the dayside emission 
spectrum of the planet HD 189733b 


Carl J. Grillmair’, Adam Burrows’, David Charbonneau”, Lee Armus_, John Stauffer’, Victoria Meadows’, Jeffrey van 


Cleve’, Kaspar von Braun® & Deborah Levine’ 


Recent observations of the extrasolar planet HD 189733b did not 
reveal the presence of water in the emission spectrum of the planet’. 
Yet models of such ‘hot-Jupiter’ planets predict an abundance of 
atmospheric water vapour’. Validating and constraining these 
models is crucial to understanding the physics and chemistry of 
planetary atmospheres in extreme environments. Indications of the 
presence of water in the atmosphere of HD 189733b have recently 
been found in transmission spectra**, where the planet’s atmo- 
sphere selectively absorbs the light of the parent star, and in broad- 
band photometry’. Here we report the detection of strong water 
absorption in a high-signal-to-noise, mid-infrared emission spec- 
trum of the planet itself. We find both a strong downturn in the flux 
ratio below 10 pm and discrete spectral features that are character- 
istic of strong absorption by water vapour. The differences between 
these and previous observations are significant and admit the 
possibility that predicted planetary-scale dynamical weather struc- 
tures® may alter the emission spectrum over time. Models that 
match the observed spectrum and the broadband photometry sug- 
gest that heat redistribution from the dayside to the nightside is 
weak. Reconciling this with the high nightside temperature’ will 
require a better understanding of atmospheric circulation or 
possible additional energy sources. 

The extrasolar giant planet HD 189733b (ref. 8) is the most easily 
observable of the known transiting’ extrasolar planets and has 
recently been the subject of intense scrutiny by both ground-based 
and space-based observatories. Owing to its relative proximity 
(19 pc), its high temperature (1,201 K (ref. 10)) and its large size 
relative to its parent star (ratio of radii, 0.155 (ref. 10)), the light from 
the planet can easily be distinguished in the infrared as a change in 
flux when the planet is observed during and out of secondary eclipse 
(when the planet is hidden from view by the parent star). This favour- 
able orbital alignment has enabled highly accurate measurements of 
temperature variations with planetary longitude’ as well as a prelimi- 
nary infrared emission spectrum of the dayside atmosphere’. 

Broadband filter observations of HD 189733b during primary 
transit using the Infrared Array Camera (IRAC) on NASA’s Spitzer 
Space Telescope recently yielded a flux deficit at 3.6 4m that was 
interpreted as absorption by water vapour*. However, an indepen- 
dent analysis of the same data concluded that the uncertainties in the 
observations are too large to support that interpretation'’. 
Spectrophotometric observations of HD 189733b during primary 
transit with the Near Infrared Camera and Multi-Object 
Spectrometer on NASA’s Hubble Space Telescope showed indica- 
tions of both water vapour and methane’, whereas observations at 
visible wavelengths made using Hubble’s Advanced Camera for 
Surveys indicate a smooth but featureless trend towards smaller radii 


at longer wavelengths’, suggesting the presence of small-particle 
hazes. Detailed modelling’® of mid-infrared broadband measure- 
ments made during secondary eclipse’ suggest that both water and 
carbon monoxide are present in the planet’s emission spectrum. 

We observed HD 189733b with the Spitzer Space Telescope’s 
Infrared Spectrograph” (IRS) during ten secondary eclipses between 
mid-June and mid-December 2007. Each exposure series was begun 
three hours before mid-eclipse and ended three hours after mid- 
eclipse. These data extend from 5 to 141m and provide the first 
mid-infrared spectrum below 7.5 [m. This is important because 
the strongest spectral signatures of absorption by water vapour and 
other molecular species occur between 5 and 10 um. Removal of the 
effects of drifts, detector latencies and telescope pointing oscillations 
has been described elsewhere’. In essence, our analysis measures the 
planetary light by subtracting the spectra obtained during secondary 
eclipse from the spectra taken before and after eclipse. In practice, we 
fit light curves to the time series data in each wavelength bin to make 
use of all available data, including the ingress and egress portions of 
the eclipse. The uncertainties are dominated by the short duration of 
the planet’s passage behind the star (~1.5 h for HD 189733b), during 
which we can measure the spectrum of the parent star in isolation. 
The Spitzer Space Telescope is currently the only facility capable of 
carrying out these observations. 

In Fig. 1 we show the planet/star flux ratio as a function of wavelength. 
Also shown are the 3.6-, 4.5-, 5.8-, 8.0-, 16.0- and 24.0-tum broadband 
flux ratio measurements made using all three of the Spitzer Space 
Telescope’s detectors (IRAC, IRS and the Multiband Imaging 
Photometer for Spitzer)*’ as well as an upper limit'® on the flux ratio 
at 2.2 ttm obtained with the Near-Infrared Spectrograph on the Keck II 
telescope (W. M. Keck Observatory). The shape of the spectrum agrees 
quite well with that of the broadband measurements, although the 
8.0-tum point lies slightly above the spectrum. The light-curve analyses 
applied to the two data sets are very similar (in as much as we treat the 
spectrograph as 128 independent photometers), and we know of no 
detector peculiarities that could give rise to a systematic offset. On the 
other hand, modestly significant differences have been noted in separate 
IRAC observations of the planet’s 8.0-,tm emission’, suggesting that the 
planet’s global dayside emission may actually be changing with time. 

Also shown in Fig. 1 are three detailed model atmospheres, all 
incorporating equilibrium molecular abundances at solar elemental 
metallicity. The model spectra have been smoothed and rely on three 
different assumed values of the heat redistribution parameter, 
P,,=0.1, 0.15, 0.3, and two values of the opacity, «,= 0.0, 
0.035 cm’ g~', of a possible upper-atmosphere absorber that could 
be responsible for creating a slightly hotter upper atmosphere owing 
to anomalous absorption of the incident stellar light’’. The 3.6-pm/ 
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University of Washington, Box 351580, Seattle, Washington 98195, USA. *Ball Aerospace & Technologies Corporation, PO Box 1062, Boulder, Colorado 80306, USA. °Michelson 
Science Center, California Institute of Technology, Mail Stop 100-22, Pasadena, California 91125, USA. 
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Figure 1| Comparison of spectral observations with broadband 
photometry and theoretical models of the dayside atmosphere of 
HD 189733b. The black points show the mean planet/star flux ratios for six 
second-order spectra (5—8 jim) and four first-order spectra (7.5—14 lum). The 
data have been binned by a factor of four after light-curve fitting 
(corresponding to two IRS resolution elements), and the plotted 
uncertainties reflect the standard error in the mean in each wavelength bin. 
The filled red circles show broadband measurements from ref. 5 at 3.6, 4.5, 
5.8, 8.0, 16 and 24 {1m (error bars on this data, s.e.). The upper limit at 2.2 um 
is derived from Keck spectroscopy". The red, blue and green traces are 
atmospheric model predictions for three values of a dayside—nightside heat 
redistribution parameter, P,,, and two values of the extra upper-atmosphere 
opacity, «,. The model predictions have not been scaled in any way. 


4.5-um flux ratio and the decreasing planet/star flux ratio at wave- 
lengths less than ~10 um are signatures of the presence of gaseous 
water in absorption in the atmosphere of HD 189733b, with the 
possible presence of carbon monoxide a contributor near the IRAC 
4.5-11m point'*!*. The most interesting feature in our spectrum is the 
bump near ~6-6.5 Lm in both the models and the data. This is the 
predicted'”"’’ peak between the P and R branches of the v, vibrational 
bending mode of water vapour. It appears as an emission feature 
because the absence ofa Q branch for this mode allows for additional 
flux between the P and R branch absorptions. 

We have investigated the significance of the 6.2-tum bump and the 
7-uum trough, and a Kolmogorov—Smirnov test shows that the hypo- 
thesis that the 5.2-8-um region of the spectrum could have been 
drawn from a featureless, straight-line, planet-to-star flux ratio can 
be rejected at the 98% confidence level. To establish the significance 
level of the 6.2-11m bump in a model-independent fashion, we 
excluded the data points from 5.9 to 6.6 um and fitted a straight line 
to the remaining data between 5.2 and 8 um. Using a chi-squared test, 
we find that we can reject the hypothesis that the observed data points 
between 5.8 and 6.6m are consistent with a straight line at the 
99.992% probability level. A significant component of this result is 
contributed by an apparent peak at 5.9 im that is not due to water 
vapour and is not predicted in any of the model spectra. Goodness- 
of-fit statistics show no indication of poor light-curve fits at or near 
this wavelength and we have no a priori reason to discount the data. 
However, if we exclude the data between 5.8 and 6.0 ttm, we can still 
reject the null hypothesis at the 99.35% level. 

Although the models without an extra absorber (that is, with x, = 0) 
reproduce all the basic features of the observations, the absolute 
flux levels are much better reproduced by a model with an extra 
upper-atmosphere absorber (x= 0.035cm’ g~')!”. This model also 
better reproduces the shallower spectral slope between 7 and 10 um. 
However, such a low value of x, does not produce a thermal inversion, 
merely a slightly hotter upper atmosphere. Unlike for HD 209458b (refs 
20, 21), the ratio between the IRAC 3.6-1m and 4.5-|1m points is greater 
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than one and the IRAC 5.8-um point is not far above a straight line 
between 3.6 and 4.5 um. The former is consistent with the low (but 
non-zero) value of «, needed for the best fit or with a greater carbon 
monoxide abundance, whereas the latter may imply lower water 
abundance. Indeed, differences in the abundances, in the character 
and depth of heat redistribution, and in the nature and strength of a 
possible extra stratospheric absorber might be implicated in the emer- 
ging differences seen in the Spitzer data at secondary eclipse for the 
family of close-by extrasolar giant planets. Our models use a default 
prescription for the depth of heat circulation by super-rotational 
winds'’, so we suspect that a more comprehensive study that explores 
this dependence will further constrain the character of zonal heat trans- 
port. Moreover, performing two-dimensional spectral calculations that 
better incorporate the integrated slant-angle effects on the planet’s day- 
side hemisphere may also be expected to improve the agreement. 

Our spectrum is best fitted by models with relatively low heat 
redistribution efficiencies. The apparent conflict between this and 
the high nightside temperature of HD 189733b (ref. 7) and models 
that fit the broadband photometry has already been noted. Our 
spectrum reinforces this conflict and, to this extent, supports sugges- 
tions’ that the degree of heat redistribution may depend on atmo- 
spheric depth and could require three-dimensional modelling to be 
understood”, or that HD 189733b has an internal energy source and 
radiates more energy than it receives through insolation. 

Whereas the current measurements show a pronounced downturn 
below 10 ,tm, our previous IRS observations’ of HD 189733b found 
the flux ratios to be essentially flat over the 7.5-14.5-Lm wavelength 
range. Despite the smaller wavelength range, the downward slope at 
wavelengths less than ~10 1m should have been detectable in the 
earlier work. We note that a similar flat IRS spectrum was found for 
the giant extrasolar planet HD 209458b (refs 23, 24), although this 
may have been due to the thermal inversion in its atmosphere”®”'. A 
separate study” noted that a physically implausible source of opacity 
would have been required to reconcile the results of the earlier IRS 
observations with the 8-um photometric value’, suggesting that the 
IRS systematic errors may have been larger than appreciated. Using 
the scatter in the present 7.5-14.5-tum spectra as a measure of the 
uncertainty per transit observation, a comparison of our new result 
with the previous spectrum of HD 189733b yields a reduced 7” value 
of 1.9, indicating that the previous result is unlikely to have been due 
to a random departure from the mean. Similarly, if we fit slopes to the 
flux ratios as a function of wavelength, we find that the slope measured 
for the 2006 data departs at the 3a level from the mean slope for the 
current observations. Whereas the average flux ratios among the 
current spectra differ at the 10% level, and the slopes in the flux ratios 
differ at the 30% level, our previous result is clearly out of character. 
The only difference between the present and the earlier data was in the 
use of longer exposure times and access to a wider wavelength range; 
the analysis procedures are essentially identical and a reanalysis of the 
2006 data continues to produce a flat spectrum. There are currently no 
known systematic differences in the relative calibration of the shorter 
and longer exposures taken with the IRS. 

A third possibility is that the upper atmosphere of HD 189733b 
may actually change with time. For tidally locked, slowly rotating hot 
Jupiters, models predict that dynamical weather structures will form 
on planet-spanning scales®. Further observations over a longer period 
will be required to substantiate such a hypothesis, and several more 
IRS transit observations of HD 189733b are planned for 2008. 


Received 13 August; accepted 17 October 2008. 


1. Grillmair, C. J. et al. A Spitzer spectrum of the extrasolar planet HD 189733b. 
Astrophys. J. 685, L115-L118 (2007). 

2. Burrows, A. A theoretical look at the direct detection of giant planets outside the 
solar system. Nature 433, 261-268 (2005). 

3. Swain, M.E., Vasisht, G. & Tinetti, G. Methane present in an extrasolar planet 
atmosphere. Nature 452, 329-331 (2008). 

4. Tinetti, G. et al. Water vapour in the atmosphere of a transiting extrasolar planet. 
Nature 448, 169-171 (2007). 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 456|11 December 2008 


5. Charbonneau, D. et al. The broadband infrared emission spectrum of the 
exoplanet HD 189733b. Astrophys. J. 686, 1341-1348 (2008). 

6. Rauscher, E. et al. On signatures of atmospheric features in thermal phase curves 

of hot Jupiters. Astrophys. J. 681, 1646-1652 (2008). 

7. Knutson, H. et al. A map of the day-night contrast of the extrasolar planet HD 

89733b. Nature 447, 183-186 (2007). 

8. Bouchy, F. et al. ELODIE metallicity-biased search for transiting hot Jupiters. Il. A 

very hot Jupiter transiting the bright K star HD 189733. Astron. Astrophys. 444, 

L15-L19 (2005). 

9. Charbonneau, D., Brown, T. M., Burrows, A. & Laughlin, G. in Protostars and Planets 

V (eds Reipurth, B., Jewitt, D. & Keil, K.) 701-716 (Univ. Arizona Press, 2007). 

O. Torres, G., Winn, J. N. & Holman, M. J. Improved parameters for extrasolar 

ransiting planets. Astrophys. J. 677, 1324-1342 (2008). 

1. Ehrenreich, D. et al. A Spitzer search for water in the transiting exoplanet HD 

89733b. Astrophys. J. 668, L179-L182 (2007). 

2. Pont, F., Knutson, H., Gilliland, R. L., Moutou, C. & Charbonneau, D. Detection of 
atmospheric haze on an extrasolar planet : the 0.55-1.05 um transmission 
spectrum of HD 189733b with the Hubble Space Telescope. Mon. Not. R. Astron. 
Soc. 385, 109-118 (2008). 

3. Barman, T. On the presence of water and and global circulation in the transiting 
planet HD 189733b. Astrophys. J. 676, L61-L64 (2008). 

4. Houck, J. R. et al. The Infrared Spectrograph (IRS) on the Spitzer Space Telescope. 
Astrophys. J. Suppl. Ser. 154, 18-24 (2004). 

5. Deming, D. et al. Strong infrared emission from the extrasolar planet HD 189733b. 
Astrophys. J. 644, 560-564 (2006). 

6. Barnes, J. R. et al. Limits on the 2.2um contrast ratio of the close-orbiting planet 
HD 189733b. Mon. Not. R. Astron. Soc. 382, 473-480 (2007). 

7. Burrows, A., Budaj, J. & Hubeny, |. Theoretical spectra and light curves of close-in 
extrasolar giant planets and comparison with data. Astrophys. J. 678, 1436-1457 
(2008). 


18. 


19. 


20. 


2). 


22: 


23: 


24. 


25. 


LETTERS 


Burrows, A., Sudarsky, D. & Hubeny, |. Theory for the secondary eclipse fluxes, 
spectra, atmospheres, and light curves of transiting extrasolar giant planets. 
Astrophys. J. 650, 1140-1149 (2006). 

Burrows, A., Hubeny, |. & Sudarsky, D. A theoretical interpretation of the 
measurements of the secondary eclipses of TrES-1 and HD 209458b. Astrophys. J. 
625, L135-L138 (2005). 

Knutson, H. A., Charbonneau, D., Allen, L. E., Burrows, A. & Megeath, S. T. The 
3.6-8.0 micron broadband spectrum of HD 209458b: Evidence for an 
atmospheric inversion. Astrophys. J. 673, 526-531 (2008). 

Burrows, A., Hubeny, |., Budaj, J., Knutson, H. A. & Charbonneau, D. Theoretical 
spectral models of the planet HD 209458b with a thermal inversion and water 
emission bands. Astrophys. J. 668, L171-L174 (2007). 

Showman, A. P. et al. Atmospheric circulation of hot Jupiters: Coupled radiative- 
dynamical general circulation model simulations of HD 189733b and HD 
209458b. Astrophys. J. (submitted). 

Richardson, L. J. et al. A spectrum of an extrasolar planet. Nature 445, 892-895 
(2007). 

Swain, M. R. et al. The mid-infrared spectrum of the transiting exoplanet HD 
209458b. Astrophys. J. 674, 482-497 (2008). 

Fortney, J. J. & Marley, M. S. Analysis of Spitzer spectra of irradiated planets: 
Evidence for water vapor? Astrophys. J. 666, L45-L48 (2008). 


Acknowledgements This work is based on observations made with the Spitzer 
Space Telescope, which is operated by the Jet Propulsion Laboratory (JPL), 
California Institute of Technology (Caltech), under a contract with NASA. Support 
for this work was provided by NASA through an award issued by JPL/Caltech. This 
study was supported in part by NASA (grant NNGO4GL22G). 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to C.J.G. (carl@ipac.caltech.edu). 


769 


©2008 Macmillan Publishers Limited. All rights reserved 


nature 


LETTERS 


Vol 456|11 December 2008|doi:10.1038/natureO7571 


Strong ocean tidal flow and heating on moons of the 


outer planets 


Robert H. Tyler’ 


Data from recent space missions have added strong support for the 
idea that there are liquid oceans on several moons of the outer 
planets, with Jupiter’s moon Europa having received the most 
attention’~*. But given the extremely cold surface temperatures 
and meagre radiogenic heat sources of these moons, it is still 
unclear how these oceans remain liquid. The prevailing conjecture 
is that these oceans are heated by tidal forces that flex the solid 
moon (rock plus ice) during its eccentric orbit, and that this heat 
entering the ocean does not rapidly escape because of the insulating 
layer of ice over the ocean surface. Here, however, I describe strong 
tidal dissipation (and heating) in the liquid oceans; I show that a 
subdominant and previously unconsidered tidal force due to obli- 
quity (axial tilt of the moon with respect to its orbital plane) has the 
right form and frequency to resonantly excite large-amplitude 
Rossby waves in these oceans. In the specific case of Europa, the 
minimum kinetic energy of the flow associated with this resonance 
(7.3 X 10'8J) is two thousand times larger than that of the flow 
excited by the dominant tidal forces, and dissipation of this energy 
seems large enough to be a primary ocean heat source. 

I consider the specific case of Europa, but the general results apply 
equally to other moons with suspected oceans (for example Callisto, 
Ganymede and Titan) because the parameter regimes are similar. In 
previous work, potential aspects of tidal flow on Titan have been 
obtained using either a simplistic analytical model’ that unjustifiably 
ignores Coriolis forces, or a fully numerical simulation® where the 
behavioural dependence of solutions on input parameters is harder 
to ascertain. Europa’s tidal surface deformation, including a quasi- 
static ocean response, has also been previously discussed’. In these 
previous studies only the eccentricity tidal component was consid- 
ered. Obliquity tidal forces are currently receiving attention as a 
possible means of heating extra-solar ‘hot Jupiters’*'° but the 
application is formally distinct from that of the one here involving 
flow confined to a thin shell. 

The primary distinguishing feature of the work presented here is 
that I consider the dynamic response of the ocean to the tidal forces, 
as opposed to a quasi-static equilibrium response. To illustrate the 
difference, consider rocking a tub of water: if the rocking is slow 
enough then the water is at any moment in an equilibrium configu- 
ration with the restoring force (gravity) and there is usually no need 
to consider the full dynamic response which includes the momentum 
of the waves and flow. But resolving the full dynamic response 
removes the low-frequency forcing assumption and allows for the 
situation where one may rock the tub with just the right frequency to 
create a resonance and amplitudes that would not have been sug- 
gested otherwise. Following this analogy, the time needed for the 
water to adjust is set by the speed of surface-gravity waves 
c=(gh)'”, where g is the gravitational acceleration (equal to 
1.31m/’s ' for the case of Europa) and his the water depth. In the 
case of Europa, it is expected that h, although less than about 200 km, 


is almost certainly much greater than 1 km, implying a large enough 
value of c for the ocean to adjust quickly to forces varying at tidal 
frequencies. In this case, the equilibrium solution and neglect of the 
dynamical response would seem justified. What is missing, however, 
is that in the spherical and rotating ocean, additional Coriolis forces 
are present that allow for a second class of oscillations (Rossby waves) 
including a subclass (Rossby—Haurwitz waves) that cannot be 
mediated by the fast gravity waves. This is because the flow associated 
with Rossby—Haurwitz waves is tangentially non-divergent and 
therefore involves no radial (up/down) motion. Without radial dis- 
placements, gravity cannot act as a restoring force in these waves and 
so the fast speed of the gravity waves is irrelevant. The result is that a 
class of natural oscillations are possible with lower frequencies that 
overlap those of the tidal forces. It is in this overlap that we find the 
resonant configuration that I discuss here. 

Tidal forces on Europa are described by the gravitational potential 
®, or alternatively the equilibrium-tide surface elevation 7p = ®/g, 
which describes the ocean surface that would be obtained if ocean 
waves were fast enough to keep the ocean instantly adjusted to varia- 
tions in the tidal forcing. With justifications described in the 
Methods section, including neglect of coupling with the ice sheet 
for these large scales'', ocean tides on the outer moons are governed 
by the same equations used to calculate ocean tides on the Earth. 
These are the inhomogeneous Laplace tidal equations: 


gV(1—np) (1) 


On+V-(hu) =0 (2) 


0u—fuxr 


where u is the ocean flow velocity, 77 is the sea surface displacement, f 
is the latitude-dependent Coriolis parameter, and f is the radial unit 
vector. 

The shape of np is somewhat like an American football, with one tip 
pointing at Jupiter’s centre. If 7p were steady, the flow u would redis- 
tribute the ocean only until the surface 7 had been brought to match 
Np, after which there would be no further motion. But in a Europan 
frame the direction (and distance) to Jupiter’s centre varies slightly 
over the tidal period, and this leads to time-dependent forcing (17) 
and flows that attempt to adjust the ocean to these time-dependent 
forces. There are two sources for such variations, eccentricity and 
obliquity, which I consider sequentially. The ocean response in each 
case is found by solving the above equations, but using two different 
methods. The case with eccentricity tidal forcing is calculated using 
the semi-numerical method in ref. 12, whereas for the primary result 
(obliquity tidal forcing) I have found an analytical solution. 

The dominant tidal force (in terms of strength although not flow 
response) is due to Europa’s eccentric orbit, and the corresponding 
equilibrium displacement np has been described previously’. In this 
case, the varying distance to Jupiter modulates the ellipsoidal shape 
of 7p, returning it towards a sphere as distance increases. But in an 
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eccentric orbit, Europa keeps a face pointed not precisely towards 
Jupiter’s centre, but rather towards the empty focus of the elliptical 
orbit. The result is that in a Europan frame the position of Jupiter (as 
well as the tip of the 7p ellipsoid pointing at it) appears to cycle 
diurnally through small east/west nods (librations). Using an estab- 
lished method”’, with gVip added as a forcing term in the Laplace 
tidal equations, I have calculated the ocean flow and surface response 
as shown in Fig. 1. The sea surface elevation 1 is very close to that of 
the equilibrium tide np (the difference is 3.9 cm) and this validates the 
equilibrium assumption in previous work’. The maximum surface 
displacement is 23 m and is largely independent of the value assumed 
for h (here chosen to be h= 100 km) so long as h is assumed to be 
much greater than the values that provide resonance for the gravity- 
wave modes (which can be shown to be less than a kilometre). The 
maximum velocity (3.0mms_'), however, is roughly inversely pro- 
portional to h. The total potential energy of this ocean response is 
2.3 X 10!8J and the kinetic energy is 4.2 X 10°). 

Now consider the tidal forcing due to Europa’s obliquity. In the 
Europan frame, the tip of the 7 ellipsoid now nods north/south rather 
than east/west, and the small angular amplitude of these diurnal 
excursions corresponds to Europa’s obliquity angle 0,. Although the 
amplitude of 0, is uncertain, it seems that at least an orbitally forced 
component of 0, = 0.1° is to be expected’’. To allow for a plausible 
free component I shall consider a range up to 0, = 1.0° in my results. 

To first order in 0, (here in radians) and second order in a/q 
(where a is the moon’s radius and q is its orbital radius), I calculate 
the time-dependent tide-raising part of the obliquity tide potential to 
be the following (see Methods section for details): 


3 
P= gnp= 5 Fa Oosindcos6(cos( —Qt)+cos(d+Q2t)) (3) 


where Q = 2.05 X 10-°s_' is both the rotation rate and orbital fre- 
quency of Europa, a = 1,565 km is the radius, and 0, ¢ and tare cola- 
titude, longitude and time, respectively. This comprises a standing 
wave with components propagating eastward (cos(¢ — Qt)) and west- 
ward (cos(# + Q1)); it is the latter component that is of interest because 
it has the right spatial form (spherical harmonic degree of two and 
order of one) and the right frequency (— 2) required for the resonant 
excitation of Rossby—-Haurwitz waves’*. The wave excited has the 
special property that the associated flow is tangentially non-divergent 
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Figure 1| Equilibrium sea surface displacement 77; (m) and tidal flow 
velocity vectors due to eccentricity tidal forces on Europa. This is a 
snapshot at phase wt = 0. Because there is nearly a quasi-static balance in 
this case, the sea surface 7 very nearly equals 1p. Primary features propagate 
eastward around the moon once a Europan day, with smaller standing-wave 
components superimposed. Flow amplitude is 3 mms | (assuming ocean 
depth h = 100 km). 
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and there is no vertical flow nor surface displacement 7. This allows us 
to derive a simple analytical solution in terms of a stream function 


y= 5 Qa°A,sin(#)cos($ +21) (4) 


from which the tangential flow velocity is obtained as u = V X (yr), 
where fr is the radial unit vector. It is easily verified that the solution (4), 
together with 7 = 0, is an exact and unique solution to the Laplace tidal 
equations (1) and (2) (see Methods). This solution is assuredly, then, 
the correct ocean tidal response to this forcing so long as the Laplace 
tidal equations (and boundary conditions) apply. The solution, shown 
in Fig. 2, corresponds to a small-amplitude westward diurnal preces- 
sion of the ocean’s spin axis about that of the solid moon; the sea 
surface displacement is zero (as is the potential energy), the velocity 
amplitude is 8.6 cms‘, and the kinetic energy is 7.3 X 10'*J. The full 
obliquity tidal response, including the non-resonant response to the 
eastward-propagating part of equation (1), can be calculated using the 
semi-numerical method. But the response is weak and the velocity and 
kinetic energy numbers just given remain the same. Potential energy, 
however, moves from zero to 5.8 X 10!°J. 

What are the consequences of this tidal energy for the evolution and 
maintenance of these oceans? More precisely, is dissipation of the 
ocean tidal kinetic energy an important source of heat for the liquid 
ocean? Let us assume that dissipation of the flow kinetic energy ulti- 
mately appears as an equivalent rate of heating in the ocean. The 
amount of heating necessary to keep the ocean liquid depends on 
the rate of heat loss, which itself depends on the thickness of the 
overlying ice cover and whether the rheology of the ice allows it to 
convect. The radiogenic heat flow into the ocean from the sea floor is 
about 8mW m *° (ref. 14), and double this amount might be provided 
by tidal flexing in the solid interior, giving a total of 24mWm ~ 
(7.4 X 10'' W total). The last value is matched by the obliquity tide 
presented above if the tidal kinetic energy dissipates in about 32 
Europan tidal cycles; this can be compared with an estimated dissipa- 
tion timescale of about 10 cycles for the Earth’s dominant tidal com- 
ponent. But note that comparison of these dissipation “Q factors’, as 
they are called, is not precisely meaningful because the dissipation 
processes in the two oceans differ, and the value we are matching is 
anyway only a rough estimate of the heating rate needed to keep the 
ocean liquid. Important differences affecting dissipation in these 
oceans are the following: (1) the Earth’s ocean tidal flow is forced to 
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Figure 2 | Equilibrium sea surface displacement 7 (m) and tidal flow 
velocity vectors due to obliquity tidal forces on Europa. This is a snapshot 
at phase wt = 0. In this resonant case, 7 = 0 and all energy is in the flow field. 
The pattern of arrows propagates westward around the moon once a 
Europan day, and the contours of 17¢ oscillate in north/south pairs. Flow 
amplitude is 8.6cms ' (for obliquity of 0.1°). 
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Table 1| Ocean velocity amplitudes and minimum dissipation due to obli- 
quity tidal forces 


Obliquity Flow amplitude Minimum Maximum 
(deg.) (cms +) dissipation (W) dissipation (W) 
0.1 8.6 6.5 x 10'° 7.9 x 10! 
0.3 26 1.9 x 10"? 7.2 x 1013 
0.5 42 8.0 x 10 2.0 x 10" 
0.7 60 2.2x 10" 3.910" 
1.0 84 6.5 x10" 8.0 x 1074 


Results show ocean velocity amplitudes and minimum dissipation due to obliquity tidal forces 
(heating) for a range of obliquity angles starting at 0.1° (the minimum orbitally forced 
component) and extending to 1.0° to allow for free variations. An estimate for actual dissipation 
allows for augmentation of dissipation by topography and internal waves but should fall below 
the maximum values listed or else the tidal flow response is highly damped. For reference, 
radiogenic heating (8.0 mW m2) is 2.5 X 10" W when globally integrated. 


channel around continents, whereas Europa is thought to have a con- 
tinuous deep ocean; (2) Europa is covered with ice and therefore has 
dissipative boundary layers on both the bottom and top; (3) in the 
Earth’s deep ocean (probably the closest familiar analogy for Europa’s 
ocean) dissipation strongly involves transference of energy to internal 
waves, but this transference depends on the ocean’s stratification which 
is unknown for Europa; (4) tidal heating by flexure of Europa’s ice 
sheet is poorly constrained but is thought to be significant’. 

Given these uncertainties, we can only reliably estimate a minimum 
value for the ocean tidal dissipation in Europa. From traditional 
boundary-layer theory, we can expect that the dissipation per unit area 
will equal pCyu’, where p is water density, Cy = 0.003 is the drag 
coefficient and u is the amplitude of the spatially varying flow velo- 
city'®. (This approach was also followed in work concerning Titan’s 
ocean tidal dissipation®®.) Inserting the above flow results and integ- 
rating over the moon, we obtain the total ocean tidal dissipation. But 
the dissipation will be underestimated (perhaps severely) for two rea- 
sons. First, the velocities from this analytical solution are unrealistically 
smooth and would only be realized if the bottom of the ice layer and the 
sea floor were both without topographic variations. This artificial 
smoothness in the assumed flow decreases the integral of pCgu’. 
Second, in the Earth’s deep ocean, internal waves increase dissipation 
over the simple boundary-layer value by a factor of about 40 (ref. 17). 
Taken together, a ‘best guess’ at the real dissipation is plausibly a factor 
of 80 higher than the minimum values. But I set an upper bound for the 
dissipation by requiring that the “quality factor’ Q of the system satisfy 
Q> 6x when the water depth h = 100 km. For higher dissipation the 
response is highly damped and becomes inconsistent with assumptions 
used here. These maximum values are shown together with the min- 
imum values in Table 1. The primary result in Table 1 is that even a 
small fraction of a degree of obliquity leads to significant dissipation 
and heating in the ocean. Above an obliquity angle of 0.16°, even the 
minimum ocean tidal dissipation surpasses the moon’s radiogenic 
heating, and the best-guess dissipation is already over 20 times the 
radiogenic source at the minimum obliquity of 0.1°. These results 
indicate that resonant tidal flow must be considered as a significant 
and potentially dominant source of ocean heat on the outer moons. 
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METHODS SUMMARY 


The general aspects of the tidal response are characterized by the ‘Lamb para- 
meter’ ¢. For Europa, ¢ <1, indicating strong separation between Rossby and 
gravity-wave modes and providing easier determination of the criteria necessary 
for resonances in these two separated flow classes. These criteria, as well as the 
semi-numerical method used to obtain the flow response in the first case (eccent- 
ricity tide), have been described previously’’. 

In the second case, I find an analytical solution for resonant flow under tidal 
forces associated with the moon’s obliquity. I calculate the time-dependent tide- 
raising part of the obliquity tide potential to be the expression in equation (3) 
(see Methods for details). Inserting this expression for the forcing 7p into the 
governing Laplace tidal equations (1) and (2) and solving analytically, I obtain 
the solution as described in equation (4). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


The ocean response to tidal forces depends strongly on the propagation and 
dispersion of both long surface-gravity waves (ocean swell is a familiar example) 
and planetary-scale Rossby waves (commonly seen in global-scale weather maps). 
Although the presence of thick ice cover will undoubtedly modify the propagation 
properties of short gravity waves, extrapolation from ocean ice models suggests 
that the flexural and mass-loading effects due to the ice cover will be insignificant 
for the very long waves that I consider here''. More importantly, the flow in the 
Rossby-wave solution I present is tangentially non-divergent and there are neither 
the vertical flow velocities nor the normal forces that one would expect to be 
necessary for the ice layer to affect these waves. The general aspects of the tidal 
response are then, as in the ice-free case, characterized by the ‘Lamb parameter’ 
6 = (2Qa/c)”, where Q= 2.05 X 10 °s ! is both the rotation rate and orbital 
frequency of Europa, a = 1,565 km is the radius, and c as defined above is also 
called the shallow-water or long surface-gravity wave speed. Hence, the Lamb 
parameter is a squared ratio comparing the speed associated with the moon’s 
rotation with c. For Europa, ¢ <1, unlike the case for the Earth’s ocean (¢ ~ 80). 
Physically, this indicates that there will be a strong separation between Rossby and 
gravity-wave modes, with little of the mixed ‘rotational-gravity’ types that prevail 
on the Earth. Computationally, small ¢ simplifies analyses of the governing 
Laplace tidal equations and provides easier determination of the criteria necessary 
for resonances in these two separated flow classes. These criteria, as well as the 
semi-numerical method used to obtain the flow response in the first case (eccent- 
ricity tide), have been previously described in detail’’. 

In the second case (the primary result in this research) I find an analytical 
solution for resonant flow under tidal forces associated with the moon’s obli- 
quity. In this case, the forcing np has not been previously described, and I have 
calculated it as follows. The gravitational potential at a point on Europa’s surface 
is given by = gy = —GM,/d, where G is the gravitational constant, My is 
Jupiter’s mass and d is the distance between the point on Europa and Jupiter’s 
centre. This distance is d = (a* + q° — 2aqcos a)", where ais Europa’s radius, q 
is the orbital radius, and « describes the angle between the line connecting the 
centres of Europa and Jupiter and the line connecting Europa’s centre with the 
point on its surface that we are considering. Considering that a and q are con- 
stants in this case we calculate cos « = cos @ sin 0 cos # + sin 0 cos 0, where 0 and 
are the colatitude and longitude (measured from sub-Jovian point) of the 
Europa-fixed coordinate frame, and 0= 0, cos(Qt) describes the small north/ 
south variations in the apparent position of Jupiter. To first order in 0, (here in 
radians) and second order in a/q (where ais the moon’s radius and qis its orbital 
radius), I calculate the time-dependent tide-raising part of the obliquity tide 
potential to be the expression in equation (3). Inserting this expression for 1p 
into the governing Laplace tidal equations (1) and (2) and solving analytically, 
we obtain the solution as described in equation (4). 
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A solid-state light-matter interface at the 


single-photon level 


Hugues de Riedmatten'*, Mikael Afzelius'*, Matthias U. Staudt’, Christoph Simon! & Nicolas Gisin' 


Coherent and reversible mapping of quantum information 
between light and matter is an important experimental challenge 
in quantum information science. In particular, it is an essential 
requirement for the implementation of quantum networks and 
quantum repeaters’. So far, quantum interfaces between light 
and atoms have been demonstrated with atomic gases*”, and with 
single trapped atoms in cavities'®. Here we demonstrate the coher- 
ent and reversible mapping of a light field with less than one 
photon per pulse onto an ensemble of ~10’ atoms naturally 
trapped in a solid. This is achieved by coherently absorbing the 
light field in a suitably prepared solid-state atomic medium"’. The 
state of the light is mapped onto collective atomic excitations at an 
optical transition and stored for a pre-determined time of up to 
1 ps before being released in a well-defined spatio-temporal mode 
as a result of a collective interference. The coherence of the process 
is verified by performing an interference experiment with two 
stored weak pulses with a variable phase relation. Visibilities of 
more than 95 per cent are obtained, demonstrating the high coher- 
ence of the mapping process at the single-photon level. In addi- 
tion, we show experimentally that our interface makes it possible 
to store and retrieve light fields in multiple temporal modes. Our 
results open the way to multimode solid-state quantum memories 
as a promising alternative to atomic gases. 

Efficient and reversible mapping of quantum states between light 
and matter requires strong atom—photon interaction. This can be 
achieved using ensembles of atoms, where light can be efficiently 
absorbed and where it is possible to engineer the atomic systems such 
that the stored light can be retrieved in a well-defined spatio-temporal 
mode owing to there being a collective constructive interference 
between all the emitters. This collective enhancement is at the heart 
of protocols for storing photonic quantum states in atomic ensembles, 
such as schemes based on electromagnetically induced transparency 
(EIT)'*, off-resonant Raman interactions’? and modified photon 
echoes using controlled reversible inhomogeneous broadening 
(CRIB)'*'® and atomic frequency combs (AFC)"'. 

Certain solid-state systems have properties that make them very 
attractive for applications in quantum state storage. In particular, 
solids doped with rare-earth ions provide a unique physical system 
in which large ensembles of atoms are naturally trapped in a solid- 
state matrix, which prevents decoherence due to the motion of the 
atoms. These systems exhibit excellent coherence properties at low 
temperature (below 4K), both for the optical’® and the spin transi- 
tions'’. Classical light has been stored for more than 1s in a rare- 
earth-doped solid'*. The long optical coherence times enable storage 
of multiple temporal modes in a single quantum memory, which 
promises significant speed increases in quantum repeater applica- 
tions’. Furthermore, the high optical densities required to achieve 
high-efficiency light storage and retrieval can be obtained. However, 


despite recent experimental progress'***, the implementation of a 


solid-state light—-matter quantum interface has not yet been reported. 

Here we demonstrate the coherent mapping of light at the single- 
photon level onto a large number of atoms in a solid, and collective 
re-emission of the stored light at a pre-determined time. Time- 
delayed interferometry with weak X-ray pulses scattered by collective 
states of iron nuclei was demonstrated in this context in ref. 24. In our 
experiment in the optical regime, the mapping is done by coherently 
absorbing the light in an ensemble of inhomogeneously broadened 
atoms spectrally prepared with a periodic modulation of the absorp- 
tion profile''’°. The reversible absorption by such a spectral grating is 
at the heart of the recently proposed multimode quantum memory 
scheme based on AFC". We therefore also demonstrate a proof of 
principle of an essential primitive of this protocol at the single- 
photon level. 

Let us now describe how our interface works. The inhomogeneous 
spectral atomic distribution at the optical transition between the 
ground state, |g), and the excited state, |e), is shaped into a series of 
absorbing peaks of width y, with a peak separation A (Fig. 1a). This 
can be done using optical pumping techniques, as discussed later. 
Once the spectral grating is prepared, we send in weak coherent states 
of light, |~),, with mean photon number 7 = |x|” < 1. The bandwidth 
of each photon must be larger than 4 but smaller than the total width 
of the grating. It is then possible to show that the light can be 
absorbed uniformly over its entire frequency spectrum, although 
the atomic spectral distribution has large gaps''. This can be under- 
stood from the time—energy Heisenberg uncertainty relations. Over 
the short timescale given by the duration, tp, of the photon, the 
linewidth of the atomic resonance is effectively broadened to a value 
of order 1/tp > 4, resulting in a uniform, but smaller, absorption. 
The effective optical depth of the spectral grating is given by d ~ d/F, 
where F= A/y is the finesse of the spectral grating and d the grating 
optical depth. 

After absorption, the light field is stored in a coherent superposi- 
tion of collective optical excitations delocalized over all the resonant 
atoms in the grating. The state of the atoms (not normalized) can be 
written as 


|2) ,=|0), +21), + O(@") 
where |0)q = |g...gx) and 


a= do gelel™|g1---6--- gw) 


J 


Here Nis the total number of atoms; |g;) and |¢;) represent the ground 
and excited states, respectively, of atom #; zis the position of atom 7 k 
is the wavenumber of the light field (for simplicity, we only consider 
the forward-propagating spatial mode); 6;is the detuning of the atom 
with respect to the laser frequency; and the amplitudes c; depend on 
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AFC preparation: Nye, pairs of bright pulses 


Figure 1| Overview of the experiment. a, Solid-state light—matter interface. 
The light at 880 nm is absorbed at the “To2 > *F3/2 transition of Nd** ions, 
doped into a YVO, crystal (doping level, 10 p.p.m.). The inhomogeneous 
broadening of the optical transition is 2 GHz, with a maximal optical depth 
of around four for a 1-mm-long sample. The optical relaxation time, T), of 
the excited state |e) is equal to 100 pts. The ground state is split into two 
Zeeman levels, |g) and |aux), separated by 3.8 GHz through the application 
of a magnetic field of 300 mT applied along the crystal c axis. A spectral 
grating is prepared in |g) following a preparation sequence described in 
Methods. b, Experimental setup. The laser source is a continuous-wave, 
external-cavity diode laser at 880 nm. The laser is split at a variable beam 
splitter made using a half-wave plate and a polarising beam splitter (PBS). 
The pulse sequences for the preparation of the grating and for the pulses to 
be stored are prepared by independent acousto-optic modulators (AOM) in 
the different optical paths. Neutral density (ND) filters are used to decrease 
the intensity of the pulses to be stored to the single-photon level. The 


the frequency and on the spatial position of atom j. This collective 
state will rapidly dephase because each term acquires an individual 
phase e”*', For narrow absorption peaks, the detunings can be writ- 
ten 6; = m4, where m, are integers. Owing to this periodic structure 
of the absorption profile, the collective state will then be re-estab- 
lished after a pre-determined time 27/4. This leads to a coherent 
photon-echo-type re-emission in the forward spatial mode''”’. If 
the absorption peaks have a finite width, the rephasing will not be 
perfect, leading to a reduction of the collective signal'', as discussed 
below and in the Supplementary Information. We note that in our 
experiment the light field is stored as a collective excitation at the 
optical transition, contrary to all previous light storage experiments 
at the single-photon level, where collective excitations of spin states 
were used*”’. 

The solid-state interface is implemented in an ensemble of neo- 
dymium ions (Nd**) doped into a YVO, crystal”’. The Nd** ions 
constitute an ensemble of inhomogeneously broadened atoms hav- 
ing a relevant level structure with two spin ground states, |g) and 
|aux), and one excited state, |e), as shown in Fig. 1. Initially, the two 
ground states are equally populated for all frequencies within the 
inhomogeneous broadening. The preparation of the spectral grating 
is achieved by frequency-selective optical pumping from |g) to |aux) 
through the excited state |e) (see Fig. 1 for an overview of the experi- 
ment). This is implemented with a Ramsey-type interference using a 
train of coherent pairs of pulses” (Fig. 1, Methods). To store weak 
light fields, it is required that there be no population in the excited 
state, as otherwise fluorescence will blur the signal. This is ensured by 
waiting long enough between the preparation and storage sequences 
for all atoms to return to the ground states. As a result of the pre- 
paration sequence, a spectral grating is present in |g) before the 
storage begins. The grating decays with the population relaxation 
lifetime T7 between the spin states (Tz = 6 ms in our case). 

In the first experiment, we demonstrate collective mapping of weak 
coherent states of light, |~);, onto the crystal. An example with 7 = 0.5 
is shown in Fig. 2 (See Methods for the estimation of 7). When the 
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duration of the pulses is about 30 ns. These paths are then recombined at a 
beam splitter (BS) and coupled into a single mode fibre to ensure proper 
mode matching. The light is then focused onto the crystal with a beam 
diameter of 30 jim. The crystal is cooled to 3 K using a pulse tube cooler. 
Beyond the sample, the light passes through a polarizer and is coupled back 
to a single mode fibre, which is connected to a silicon avalanche-photodiode 
(APD) single-photon counter. To block the preparation light during storage 
and to protect the detector from the intense preparation light, two 
mechanical choppers (MCs) are used. ¢, Optical pulse sequence. The 
experimental sequence is divided into two parts: the preparation of the 
spectral grating and the storage of the weak pulses. The preparation is done 
with a sequence of Nprep pairs of pulses (see Methods). We wait a time 

Tw = 12T; = 1,200 ps between the preparation and the storage sequence to 
avoid fluorescence noise. During the storage sequence, 400 independent 
trials are performed at a repetition rate of 200 kHz. The entire sequence 
preparation plus storage is then repeated with a repetition rate of 40 Hz. 


sample is prepared with a spectral grating having a periodicity of 
4 MHz, we observe a strong emission at the expected storage time of 
250ns. The measured storage and retrieval efficiency is 7 ~ 0.005, 
which means that 0.5% of the incoming light is re-emitted in this 
signal. Although 17 is low, the re-emission probability is more than 
four orders of magnitude larger than what would be expected from a 
non-collective spontaneous re-emission, taking into account that we 
collect a solid angle of 2 x 10-* and that the optical relaxation time 
is three orders of magnitude greater than the observed signal time. 
This signal thus clearly arises from a collective re-emission, which 


Transmitted pulse 


Count 


Collective re-emission 


-10 0 100 


200 
Time (ns) 


300 


Figure 2 | Reversible mapping of a coherent state with = 0.5. The solid 
line corresponds to the case in which a spectral grating is prepared with a 
periodicity of 4 MHz. The peak 250 ns after the transmitted input pulse 
corresponds to the collective retrieval after storage in the solid-state 
medium. The dashed line corresponds to the case in which the atomic 
medium is not prepared with a spectral grating. In this case, we only see the 
transmitted input pulse (about 2% of the incoming pulse is transmitted). 
The absorption of the input pulse is smaller when the spectral grating is 
prepared (about 5% of the light is transmitted). 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 456|11 December 2008 


demonstrates the collective and reversible mapping ofa light field with 
less than one photon on average onto a large number of atoms in a 
solid. To further study the mapping process, we record the number of 
counts in the observed signal for values of 7 ranging from 0.2 to 2.7 
(Fig. 3a). This shows that the mapping is linear and that very low 
photon numbers can still be mapped and retrieved. We also investi- 
gated the decay of storage efficiency with storage time (Fig. 3b). 

So far we have considered the storage of weak light fields in a single 
temporal mode. However, the use of spectral gratings also allows for 
storage in multiple temporal modes, as pointed out in ref. 11. To 
illustrate this multimode property, we store trains of four weak 
pulses, with values of m ranging from 0.8 to 0.3, for 500 ns, as shown 
in Fig. 4. The maximal number of modes that can be stored is given by 
the ratio of the storage time (determined by the spectral grating) to 
the duration of an individual mode. In the present experiment, the 
shortest duration of pulses was set to about 20 ns (full-width at half- 
maximum) by technical limitations. A great advantage of the AFC 
protocol is that the number of modes that can be stored does not 
depend on the optical depth, unlike for EIT and CRIB". 

For applications in quantum memories, it is crucial that the inter- 
face conserves the phase of the incoming pulses. To probe the coher- 
ence of the mapping process, we store a pair of weak pulses that are 
separate by a time t = 100 ns and have a variable relative phase, ®. 
This can be viewed as a time-bin qubit, which can be written as 
|W. = |a), + e|x,+.):, where |a,), represents a weak coherent state 
of light at time t. The qubit is stored and thereafter analysed directly 
in the memory”. This method requires the implementation of partial 
readouts at different times. This realizes a projection on a superposi- 
tion basis, similar to what can be done with an unbalanced Mach— 
Zehnder interferometer’. If the time, t, between the weak pulses 
matches the time between the two readouts, the re-emission from 
the sample can be suppressed or enhanced depending on the phase, 
®. The visibility of this interference is a measure of the coherence of 
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Figure 3 | Study of the mapping process. a, Number of detections in the 
collective output mode as a function of a. b, Efficiency as a function of the 
storage time for 7 = 2.7. For small storage times (<400 ns), an oscillation in 
the efficiency is clearly visible. This is a quantum beat due to the interaction 
of the electronic spin of the Nd** ion with the nuclear spin of the 
surrounding vanadium ions (called a super-hyperfine interaction). For 
longer storage times, the decay is exponential with decay constant of 220 ns. 
This interaction also limits the minimal width of the absorption peaks. Error 
bars represent statistical uncertainties in photon count (+1s.d.). 
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Figure 4 | Multimode light-matter interface. The spectral grating is 
prepared for a storage time of 500 ns. The first four pulses are the 
transmitted pulses. After 500 ns, we can clearly see the collective re-emission 
of the four temporal modes. The signal to noise ratio is smaller than for the 
single-mode case (Fig. 2), owing to the longer storage time of 500 ns 
(compare with Fig. 3b). For clarity, the output signal part has been magnified 
by a factor of ten. 


the mapping process. The two partial readouts are made by preparing 
two superimposed spectral gratings of different periods, correspond- 
ing to respective storage times of 200 and 300ns. An example of 
interference for m = 0.85 is shown in Fig. 5. We measured net visibi- 
lities (that is, after subtraction of detector dark counts) above 95% for 
various values of 7 between 0.4 and 1.7, which demonstrates the high 
coherence of the storage process, even at the single-photon level. This 
excellent phase preservation results from the collective enhance- 
ment” and the almost complete suppression of background noise. 

We now analyse in more detail the efficiency performance of our 
interface using the model developed for the AFC quantum memory". 
The efficiency of the storage and retrieval in the forward mode, for an 
ideal AFC, is given by (Supplementary Information) 


Hema eo ee (1) 


The first factor represents the collective interaction, which is propor- 
tional to the square of the number of atoms in the spectral grating. 
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Figure 5 | Interference fringes. Time-bin qubits with different phases, ®, 
are stored and analysed using the interface. The analysis is performed by 
projecting the time-bin qubit on a fixed superposition basis, which here is 
achieved by two partial readouts (see text for details). The inset shows the 
histogram of arrival times, where there is constructive interference for 

@ = 2r and destructive interference for ® = 7 in the middle time bin. For 
this particular interference fringe, we obtain a raw visibility of 82% and a 
visibility of 95% when subtracting detector dark counts. Errors bars 
represent statistical uncertainties of photon counts (+1s.d.). 
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The second factor describes the intrinsic AFC dephasing during the 
storage due to the finite width of the absorption peaks. The last factor 
accounts for the re-absorption of the emitted photon by the resonant 
atoms. In the present experiment, imperfect optical pumping results 
in a uniform absorbing background with residual optical depth do 
that will act as a passive loss. The efficiency is then given by 
n=MNarce ” (Supplementary Information). Using the model pre- 
sented in the Supplementary Information, we estimate that F~ 2, 
d= 1.44+ 0.08 and dp = 2.28 + 0.14. This large value of dy) means 
that 90% of incoming photons are lost to the background atoms, 
which do not give rise to a collective emission. 

To analyse the physics of the collective enhancement further, it is 
informative to infer the intrinsic storage efficiency, apc, that could 
be obtained in the absence of an absorbing background. Using equa- 
tion (1) and the values of d and F, we find that napc = 0.04. The 
intrinsic storage efficiency can be further decomposed into two 
terms, the write efficiency (4) and the read efficiency (7), such that 
NAEC = Nwi)r. The write efficiency is defined as the probability that a 
photon is coherently absorbed by the atoms of the AFC: 
Nw =1—e “*=0.51. This implies that the read efficiency, that is, 
the probability that the photon is re-emitted in the collective mode 
conditioned on a coherent absorption, is 7, = 0.085. To increase the 
write efficiency, we must increase the optical depth. The read effi- 
ciency is mostly limited by the intrinsic dephasing during the storage, 
owing to the low finesse, F ~ 2. In our experiment, Fis limited by the 
minimal width of the absorption peak, which is of order 1-2 MHz 
owing to the linewidth of our free-running laser and to material 
properties (Fig. 3). 

We emphasize, however, that these are not fundamental limita- 
tions of rare-earth-doped materials. The preparation of narrow 
absorption lines with a low absorption background has been demon- 
strated for several other rare-earth-doped materials, such as 
Eu’ *:Y,SiOs (ref. 19), Pr?*:Y.SiO; (refs 20,28) and Tm**:YAG 
(ref. 29). Significantly higher storage efficiencies should be obtained 
in these materials. Ultimately, the efficiency of the forward retrieval is 
limited to 54%, owing to the re-absorption of the collective signal’’. 
This can be overcome by using backward retrieval; see below. 

To use our interface in a quantum repeater architecture, several 
further steps must be undertaken. The photon to be stored must be 
correlated with another photon that will be sent over long dis- 
tances*. Moreover, on-demand readout of the stored field and 
longer storage times are required. This is possible by transferring 
the excitations in |e) to another long-lived, ground-state spin level, 
|s), using an optical control pulse'’, as for other quantum memory 
proposals, such as EIT or Raman-based schemes*’. For on-demand 
readout, the excitation can be transferred back to |e) using another 
control pulse at a chosen time. Efficient and coherent transfer in 
an optical A configuration has been demonstrated in praseo- 
dymium-doped solids**, which possess the necessary level structure 
of three ground-state levels (|g), |aux) and |s)). For neodymium, 
hyperfine states may also in principle be used. The pair of optical 
control pulses, if applied in a counter-propagating fashion, also 
change the phase pattern of the stored excitation, such that the 
collective field will be re-emitted backward. Then the storage effi- 
ciency can approach unity, owing to a constructive interference that 
effectively suppresses re-absorption'! 

We have demonstrated the collective and reversible mapping of a 
light field with less than one photon on average onto a large number 
of atoms embedded in a solid. This represents the observation of 
collective enhancement at the single-photon level in a solid in the 
optical regime. We have also demonstrated that the quantum coher- 
ence of incident weak light fields is almost perfectly conserved during 
the storage. Solid-state systems can therefore be considered as a 
promising alternative to atomic gases for photonic quantum storage. 
This line of research holds promise for the implementation of effi- 
cient, long-distance quantum networks. 
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METHODS SUMMARY 


The spectral grating is prepared using a series of pulse pairs of pulse area 
0 <1n/2 resonant with the |g)— |e) transition. Each pair of pulses produces a 
frequency-selective coherent transfer of population from |g) to |e)”. This can be 
seen as a Ramsey-type interference in which the two light pulses act as beam 
splitters and the phase shift acquired in the excited state depends on the detuning 
of the atoms. The periodicity of the created spectral grating is then given by the 
inverse of the time interval, t,, between the two pulses. The atoms in the excited 
state can decay to both ground states, |g) and |aux), with a relaxation time of 
T; = 100 pts. The atoms that decay to |aux) are not affected by the preparation 
laser and remain in this state for a time T, = 6 ms (ref. 26). The pulse sequence is 
then repeated 100 times with a time separation between the pairs of 15 1s, which 
is longer than the optical coherence time, T> = 7 fs. This allows for the build-up 
of the spectral grating, with population storage in |aux). For the interference 
experiment, the two gratings corresponding to storage times of 200 and 300 ns 
are created in a similar way. Each grating is prepared with a pulse pair having the 
corresponding time separation, sent alternately with a time separation of 7.5 ks. 

To estimate the mean number of photons per pulse, we shift the laser out of 
resonance with the absorbing atoms and record the proportion of detections in 
the single-photon counter (typically between 1% and 20%). By a careful mea- 
surement both of the detection efficiency (7g = 0.32) and of the transmission 
efficiency from the input face of the cryostat to the detector (typically n, = 0.2), 
we can infer the mean number of photons in front of the cryostat, before the 
sample. 
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Enantiodivergent conversion of chiral secondary 
alcohols into tertiary alcohols 


Jake L. Stymiest’, Viktor Bagutski’, Rosalind M. French’ & Varinder K. Aggarwal’ 


From receptors in the nose to supramolecular biopolymers, nature 
shows a remarkable degree of specificity in the recognition of chiral 
molecules, resulting in the mirror image arrangements of the two 
forms eliciting quite different biological responses’. It is thus criti- 
cally important that during a chemical synthesis of chiral molecules 
only one of the two three-dimensional arrangements is created. 
Although certain classes of chiral molecules (for example secondary 
alcohols**) are now easy to make selectively in the single mirror 
image form, one class—those containing quaternary stereogenic 
centres (a carbon atom with four different non-hydrogen substitu- 
ents)—remains a great challenge” *. Here we present a general solu- 
tion to this problem which takes easily obtainable secondary 
alcohols in their single mirror image form and in a two-step 
sequence converts them into tertiary alcohols (quaternary stereo- 
genic centres). The overall process involves removing the hydrogen 
atom (attached to carbon) of the secondary alcohol and effectively 
replacing it with an alkyl, alkenyl or aryl group. Furthermore, start- 
ing from a single mirror image form of the secondary alcohol, either 
mirror image form of the tertiary alcohol can be made with high 
levels of stereocontrol. Thus, a broad range of tertiary alcohols can 
now be easily made by this method with very high levels of select- 
ivity. We expect that this methodology could find widespread 
application, as the intermediate tertiary boronic esters can poten- 
tially be converted into a range of functional groups with retention 
of configuration. 

We live in a chiral world. Indeed, chirality and life are so inextric- 
ably linked that the detection of chirality outside our planet is used as a 
test for extraterrestrial life itself®'°. Nature’s inherent chirality results 
in extraordinary specificity in the recognition of chiral molecules. For 
example, the different smell of oranges and lemons comes from two 
molecules identical except for their three-dimensional spatial arrange- 
ment. The classic example of the drug ‘thalidomide’ further illustrates 
the difference in biological response: one of the two enantiomers 
caused fetal birth defects (it restricted the development of blood 
vessels in rapidly dividing tissues and as such is now being used against 
certain forms of cancer'') whereas the mirror image form had the 
desired sedative properties'*. However, in this case the tragedy could 
not have been avoided by administering the enantiomer with the 
desired properties, as the drug readily racemizes in vivo. 

Because of the established importance of the three-dimensional 
spatial relationship between a small molecule (for example a drug) 
and its site of action (for example a protein), it has become necessary 
to test individual enantiomers and not mixtures of the two forms. A 
mixture of enantiomers can be difficult to separate, so it is important 
to control which mirror image form of a chiral molecule is created 
during its synthesis. This field, known as asymmetric synthesis, has 
grown over the past half century to a point where the synthesis of 
certain classes of compounds (for example diols’ and secondary alco- 
hols**) is now facile. However, chiral molecules containing quaternary 


stereogenic centres (for example tertiary alcohols)** remain difficult 
to make with high enantioselectivity. 

Tertiary alcohols are commonly obtained by addition of an organo- 
metallic reagent to a ketone (Fig. 1, paths a and b). Although such a 
process can be rendered asymmetric through the use of chiral 
ligands'*"', the process does not often lend itself to high asymmetric 
induction as it invariably relies on the steric difference between the 
substituents flanking the carbonyl group. When this difference is small, 
as in the case of ketones, the ratio of enantiomers formed is often low. 

We therefore considered a very different concept to prepare qua- 
ternary stereogenic centres that makes use of the 1,2-metallate 
rearrangement of boronate complexes. We recognized that reaction 
of a chiral carbenoid bearing an alkyl and an aryl group should react 
stereoselectively with a boron reagent to give a chiral ‘ate’ complex. 
This species would subsequently undergo a stereospecific 1,2-metal- 
late rearrangement to give a homologated boron intermediate bear- 
ing a quaternary stereogenic centre. Oxidation would then furnish a 
tertiary alcohol. As the process no longer relies on the different steric 
properties of similar-sized groups, but on whether the reaction of the 
chiral carbenoid occurs with retention or inversion'”"’, the potential 
for high enantioselectivity is greatly increased (Fig. 2). 

A similar strategy has been previously attempted through reactions 
of chiral «-chloroboronic esters with Grignard reagents and a- 
chlorolithium reagents with chiral boronic esters'®. Although such 
reaction partners can be successfully combined with high enantios- 
electivity in the synthesis of secondary alcohols”, generation of steri- 
cally more demanding tertiary alcohols was much less rewarding: 
variable levels of selectivity were obtained and even the sense of asym- 
metric induction was unpredictable’. Clearly, the choice of the chiral 
carbenoid is critical. Our earlier studies had shown that Hoppe’s 
lithiated carbamates*' derived from primary alcohols reacted effi- 
ciently with boranes and boronic esters furnishing secondary alcohols 
and amines with high enantiomeric ratios”. We therefore considered 
the possibility of extending this process to the use of chiral carbenoids 
derived from secondary alcohols (many are commercially available in 
enantiomerically enriched form but otherwise are easily made by 
Noyori transfer hydrogenation”’) to prepare tertiary alcohols. 


' Group controlling 
Nu- face selectivity 


Figure 1| Common strategy for preparing chiral tertiary alcohols through 
face selective addition of nucleophiles to ketones. Nu , nucleophile. 


'School of Chemistry, University of Bristol, Cantock's Close, Bristol, BS8 1TS, UK. 
778 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE| Vol 456|11 December 2008 LETTERS 


R.-* 
~B-§- R R 
Retention A [O] 
A a, — = RNY yO 
Rao ches ae eal 
x on 
i Selectivity 
+ ie 
determining 
M step 
yn = 
a, RL OC R R 
LG Lv, CLG A Lv BY [O] lL, 0H 
Rg Rs rae —— Rg ~ oe . —— ee Rg (i 
Inversion 4 
EP BS : R R 
Figure 2 | Proposed synthesis of tertiary alcohols through addition of retention versus inversion in addition step. LG, leaving group; M = Lior Mg. 


chiral carbenoids to boron reagents. Selectivity determined by degree of 


To test the concept, commercially available (S)-1-phenylethanol our investigation we found that sBuLi in Et,O was sufficient on its own 
was converted into the corresponding N,N-diisopropyl carbamate. to effect deprotonation of the carbamate. Subsequent addition of the 
This carbamate had previously been deprotonated with sBuLi- borane or boronic ester followed by oxidation gave the tertiary alcohol in 
TMEDA complex and reacted with a range of electrophiles'’’. During — good yield and very high enantiomeric ratio (Table 1). The enantiomeric 


Table 1| Lithiation-borylation of chiral secondary carbamates leading to tertiary alcohols 
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Entry Carbamate (e.r.) Migrating group, R Borane/boronic ester component Product Yield (%) (e.r., S:R) 
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Table 1| (Continued) 


Entry Carbamate (e.r.) Migrating group, R Borane/boronic ester component Product Yield (%) (e.r., S:R) 
OCb p pCIC,H, OH 
10 a (99:1) eChC.Hi- 4-8 e 97 (99:1)t 
Ph ‘0 Ph 
OCb fe) pMeOC,H, OH 
‘ / . 
11 we (99:1) pMeO-C¢Ha- 3-8 ; 92 (98:2)t 
Ph > Ph 
OCb oO mCF3C,H, OH 
12 Je (99:1) mCF3-CeHa- $-B “, 92 (99:1) 
Ph ‘0 Ph 
Aa 
OCb fe) “> 
13 (99:1) 2-fury| 3-5 o—/ on 94 (98:2)t 
Ph ; 


OCb Et OH 
14 8. (98:2) E 3-8 Et, > a 82 (95:5) 
pCIC,H, pCICgH, 
OCb O Et OH 
15 Es (98:2) E 3-8 Ea 92 (4:96)8 
pClIC,H, re) pCiCgH, 
OCb O Ph OH 
16 Po (98:2) Ph 3-8 89 (4:96)+ 
pCIC,H, 5 pCICgH, 
OCb Et OH 
17 Ds E -$-BEt, oe 87 (96:4)| 
pMeOC,H, pMeOCgHy 
OCb O Et OH 
18 Pom E Bt oe 97 (2:98)| 
pMeOC,H, ‘5 pMeOCgH, 
OCb O Ph OH 
19 ~s Ph 3-3 a. 81 (4:96) 
pMeOC,H, 5 pMeOC,H, 
OCb ‘ Et oy 
20 S Et $-50 69 (99:1)8 | 
\ 
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OCb ‘ Ph on 
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/ 7 
23 we Et 3B ] 98 (91:9)8II 9 
[ 0 
OCb Ph OH 
fe) : 
/ 06) 
24 — wk Ph 3-6 97 (4:96) 4 ll 
SS 0 
The reactions were carried out in Et2O in the presence of 1.1 equivalents of sBuLi, 1.1 equivalents of borane or 1.5 equivalents of boronic ester at the initial substrate concentration of 0.25 mol!" 


(method A). The following abbreviations are used: Me, methyl; Et, ethyl; iPr, isopropyl; nHex, n-hexyl; Ph, phenyl; Cb, N,N-diisopropylcarbamoyl. 

* Method B was used in the oxidative work-up. 

+ Two equivalents of boronic ester were used. 

$1.1 equivalents of boronic ester were used. 

§ Three equivalents of boronic ester were used. 

|| Deprotonation was carried out over 5 min in the presence of 1.1 equivalents of TMEDA (method C). 

4] One equivalent of LaCl3-2LiCl (ref. 30) was added at -78 °C before warming up to ambient temperature. Use of three equivalents of EtB(pin) gave ~80:20 enantiomeric ratio (e.r.) with or without 
LaCl3°2LiCl. 
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ratio of the starting carbamate is given to show the maximum enantio- 
meric ratio of the tertiary alcohol that is attainable. 

In the case of boranes, both symmetrical trialkyl boranes and 9-BBN 
derivatives were examined, and good yields and high enantiomeric 
ratios were observed in all cases (Table 1, entries 1, 3 and 5). 
Interestingly, when the 9-BBN derivatives were used (entries 3 and 5), 
the boron substituent, rather than the boracycle, migrated exclusively, 
as was observed in the case of the less hindered primary carbamates**”’. 

We explored a broader range of boronic esters, including alkyl 
(entries 2, 4 and 6), cyclopropyl (entry 7), vinyl (entry 8), allyl (entry 
9), aryl (entries 10, 11 and 12) and heterocyclic substrates (entry 13), 
as many of these are commercially available. In all cases high levels of 
selectivity were observed. Interestingly, the 1,2-metallate rearrange- 
ment of the boronate complex (established for the example in entry 
2) readily occurred at 0°C whereas related reactions involving 
lithiated carbamates derived from primary alkyl alcohols required 
higher temperatures (35 °C) and an additional Lewis acid (MgBr) 
to trigger the rearrangement”. 

Perhaps the most intriguing outcome was that in all cases the reac- 
tions occurred with almost complete inversion of stereochemistry 
when boranes were used but almost complete retention of stereoche- 
mistry when boronic esters were used. For a broad set of reactions to 
occur with such complete and yet opposite selectivity for the two sets of 
related reagents is unique. The consequence is that from a single enan- 
tiomer of a secondary alcohol, either enantiomer of a tertiary alcohol 
can now be prepared in high yield with very high enantioselectivity. 

The origin of this difference in selectivity between the two reagents 
can be rationalized as follows (Fig. 3)'”'’. In the case of boronic esters, 
the oxygen of the ester complexes with the lithium of the metallated 
carbamate and so is delivered on the same face as the metal. In the 
absence of such complexation, as in the case of the boranes, reaction 
occurs on the face opposite to the metal where there is significant 
electron density owing to the partially flattened nature of the carba- 
nion. However, it should be noted that reactions of lithiated alkyl- 
carbamates derived from non-benzylic primary alcohols occur with 
complete retention of stereochemistry with both boranes and boro- 
nic esters, presumably because in this case the non-mesomerically 
stabilized carbanion is essentially sp’ hybridized and has very little 
electron density opposite the metal. 
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Figure 3 | Rationalization of the inversion versus retention of 
stereochemistry observed in reactions of lithiated carbamates with 
boranes and boronic esters respectively. Me, methyl; iPr, isopropyl; Cb, 
N,N-diisopropylcarbamoyl. 
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In addition to the broad range of boron reagents tested, we exam- 
ined alternative secondary alcohols bearing both electron-rich 
(pMeO-C,.Hy-) and electron-deficient (pCl-CsH,-) aromatics. 
These were prepared by Noyori asymmetric transfer hydrogenation” 
of the corresponding ketones and subsequently converted into the 
required carbamates. These substrates worked just as well with both 
boranes and boronic esters (entries 14—19), demonstrating the scope 
of this sequence. Once again, reactions with boranes occurred with 
inversion whereas boronic esters occurred with retention; both sets of 
reactions proceeding with high and opposite selectivity. The process 
was also applied to carbamates derived from the commercially avail- 
able cyclic secondary alcohols, (S)-1-indanol and (S)-1-tetralol with 
a range of boranes and boronic esters (entries 20-24), thus extending 
the scope of the methodology to this additional class of substrates. 

Two points are worth noting. First, aryl boranes, such as Ph-9-BBN, 
could not be used with these carbamates because protodeboronation 
of the resulting homologated boranes occurred extensively during the 
aqueous oxidative work-up. In contrast, no protodeboronation 
occurred during oxidative work-up of aryl boronic ester-derived 
homologated products, thus leading to diarylsubstituted tertiary 
alcohols in good yields (entries 10-13, 16, 19, 21 and 24). Second, 
in the case of the indanol-derived carbamate, reaction with triethyl- 
borane or the corresponding boronic ester lead to the same enantio- 
mer. This was not unexpected as this substrate had been shown to 
react consistently with retention of stereochemistry with a range of 
electrophiles, as a result of increased pyramidalization of the geomet- 
rically constrained carbanion’® (as discussed above). In any case, 
opposite enantiomers of the indanyl-based tertiary alcohols are easily 
obtained from (R)-1-indanol which is also commercially available. 

Although some of the tertiary alcohols presented in Table 1 can also 
be made with high enantioselectivity by titanium-catalysed addition 
of diorganozinc reagents to ketones”, its scope is not as broad as 
that presented here. Tertiary alcohols with branched alkyl, vinyl and 
heteroaryl groups (entries 3-8 and 13), which are easily accessible in 
high enantiomeric ratio by our method, cannot be easily made by the 
alternative route. Furthermore, although a few diorganozinc reagents 
are commercially available, the vast number of commercially available 
boronic esters greatly aids the application of the current methodology. 

The simple methodology that we have described converts the sim- 
plest and most readily accessible chiral functional group (secondary 
alcohols) into the most difficult to obtain chiral entities—quaternary 
stereogenic centres (tertiary alcohols)—with very high enantioselec- 
tivity. The process shows very broad substrate scope in terms of both 
the secondary alcohols and the boranes or boronic esters used, thus 
allowing access to a very broad range of tertiary alcohols. 
Furthermore, either enantiomer of the tertiary alcohol can be 
obtained with high enantioselectivity from the same enantiomer of 
the secondary alcohol, simply depending on whether a borane or 
boronic ester is used. The plethora of functional groups into which 
the intermediate boranes/boronic esters can potentially be converted 
adds considerably to this new methodology. 


METHODS SUMMARY 


Enantioenriched secondary alcohols were obtained from commercial sources or 
prepared from the corresponding acetophenones by Noyori asymmetric transfer 
hydrogenation. These were converted into N,N-diisopropyl carbamates, depro- 
onated with sBuLi in Et,O at —78 °C, and then reacted with a borane or boronic 
ester (-78 °C). On warming, the intermediate ‘ate’ complexes underwent 1,2- 
migration to give the corresponding homologated boranes/boronic esters, which 
were oxidized in situ with an excess of alkaline hydrogen peroxide to afford chiral 
ertiary alcohols in good yields and high enantioselectivities. 


Full Methods and any associated references are available in the online version of 
he paper at www.nature.com/nature. 
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METHODS 

Method A. To a stirred solution of the respective carbamate (1.00 mmol) in 
anhydrous Et,O (4.0 ml) at —78 °C (dry ice/acetone bath) under argon, sBuLi 
(0.82 ml of 1.3M solution, 1.06 mmol) was added dropwise over 2 min. This 
mixture was allowed to stir at -78 °C for 20 min, and then 1 M solution of the 
respective borane (1.06ml, 1.06mmol) or boronic ester (1.1-3ml, 1.1- 
3.0mmol, see Table 1) in diethyl ether was added dropwise over 2 min with 
vigorous stirring. The reaction mixture was kept at —78 °C for an additional 
30 min, then the cooling bath was removed and the reaction mixture was stirred 
at ambient temperature for 2h. The reaction mixture was diluted with anhyd- 
rous THF (4 ml) containing ~5 mg of 2,6-di-tert-butyl-4-methylphenol, cooled 
to ~2°C (water-ice bath), and an ice-cold degassed mixture of 3M NaOH 
(1.4 ml) and 30% aqueous H30O, (0.8 ml) per 1 mmol of borane or boronic ester 
used was added all at once. The cooling bath was removed and the reaction 
mixture was stirred at ambient temperature for 2h, then diluted with water 
(5ml) and extracted with diethyl ether (3 X 10 ml). The combined organic 
phases were washed with brine (30 ml), dried with MgSO, and concentrated 
in vacuo. The crude product was purified by flash chromatography (PE/EtOAc) 
to afford pure tertiary alcohol. 

Method B. Method A was followed, except that after the NaOH/H2O, mixture 
was added, the reaction flask was fitted with a reflux condensor and stirring was 
continued at 60 °C (bath temperature) for 1 h, after which 1 ml of 30% HO) was 
added, and the mixture was refluxed for an additional 2 h. The remaining work- 
up was as described above. 

Method C. Method A was followed, except that the deprotonation of a car- 
bamate was performed in the presence of 1.1 equiv. of TMEDA (165 ul, 
1.1 mmol) within 5 min. 
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Strain accommodation by slow slip and dyking in a 
youthful continental rift, East Africa 


Eric Calais’, Nicolas d’Oreye’, Julie Albaric’, Anne Deschamps‘, Damien Delvaux°, Jacques Déverchére’, 
2,10 
t 


Cynthia Ebinger®, Richard W. Ferdinand’, Francois Kervyn’, Athanas S. Macheyeki®”, Anneleen Oyen 


Julie Perrot’, Elifuraha Saria'’, Benoit Smets’, D. Sarah Stamps’ & Christelle Wauthier?’? 


Continental rifts begin and develop through repeated episodes of 
faulting and magmatism, but strain partitioning between faulting 
and magmatism during discrete rifting episodes remains poorly 
documented. In highly evolved rifts, tensile stresses from far-field 
plate motions accumulate over decades before being released 
during relatively short time intervals by faulting and magmatic 
intrusions’ *. These rifting crises are rarely observed in thick litho- 
sphere during the initial stages of rifting. Here we show that most of 
the strain during the July-August 2007 seismic crisis in the weakly 
extended Natron rift, Tanzania, was released aseismically. 
Deformation was achieved by slow slip on a normal fault that pro- 
moted subsequent dyke intrusion by stress unclamping. This event 
provides compelling evidence for strain accommodation by magma 
intrusion, in addition to slip along normal faults, during the initial 
stages of continental rifting and before significant crustal thinning. 

In July-August 2007, a seismo-magmatic crisis in the Natron basin 
(Fig. 1) was accompanied by the first dyking event ever captured 
geodetically in a continental rift*. The <5-Myr-old Natron basin lies 
near the southern termination of the eastern branch of the East 
African Rift, the divergent boundary between the Somalian and 
Nubian plates. Alkaline and basaltic volcanism was coeval with initial 
surface faulting’, yet strain accommodation by magma intrusion is 
virtually unconstrained. With current far-field extension rates on the 
order of 3 to4mmyr _' (ref. 6), the eastern rift has experienced only a 
few kilometres of crustal thinning’, whereas lithospheric thickness is 
~90 km relative to >125-km-thick lithosphere outside the rift*’. The 
Natron crisis therefore provides a rare opportunity to quantify how 
faulting and magma intrusion contribute to strain accommodation 
within a youthful continental rift. 

The Natron seismo-magmatic crisis began on 12 July 2007 with two 
earthquakes of respective body-wave magnitudes M,=4.4 and 
M, =4.5 recorded at the southern end of Lake Natron (Fig. 1). 
Subsequent seismic activity included an M,=5.3 event and an 
M, = 4.6 event and culminated on 17 July with a shallow (4.7-km 
depth) event with moment magnitude M, =5.9. Seismic activity 
continued in July (32 M, > 3.8 events) and August (21 M, > 3.9 
events) and then decayed rapidly in September (four M, > 4.2 events). 
Owing to the fortuitous deployment of a temporary broadband seis- 
mic network just to the south of the Natron basin, we were able to 
locate the 17 July earthquake and 607 events for the interval 12-31 July 
located ~5-10km south of the Gelai shield volcano (Fig. 1). 
Seismicity started on 12 July below the southern toe of Gelai at depths 
between 4 and 12 km, and then migrated up to 10 km to the northeast 


Latitude 


Figure 1| Regional setting. Black circles show epicentres of earthquakes 
with body-wave magnitudes M, > 3.8 for the 16 July—21 August 2007 
interval. Black and white circles indicate focal mechanisms for the largest 
magnitude events in that time interval. Black circles near lakes Magadi (MG) 
and Manyara (MN) show the 1998 and 1994-1995 seismic swarms’””. The 
short red line shows the location of the dyke intruded along the southern 
flank of Gelai volcano (G). White triangles show the seismic stations of the 
SEISMO-TANZ’07 temporary deployment. The background colour shows 
topography based on data from NASA’s Shuttle Radar Topography Mission. 
The red arrow indicates GPS displacement at a geodetic benchmark at the 
southern end of Lake Natron (LN), installed and observed for the first time 
in August 2006 and re-observed during 4-7 August 2007. Processing of the 
dual-frequency phase data shows a displacement of 5.6 + 0.9 cm vertically 
and 5.7 + 0.4m horizontally in the N49 W direction. Focal mechanisms for 
the 17 July event and earthquake locations are from this study (see 
Methods). Focal mechanisms for smaller magnitude events are from the 
Harvard Centroid-Moment Tensor catalogue. Black rectangle (in main 
panel) outlines the area of Fig. 3. E, Lake Eyasi; L, Ol Doinyo Lengai; K, 
Mount Kilimanjaro; N, Ngorongoro crater. The inset shows the study area 
(black rectangle) along the East African Rift. Arrows show predicted 
extension rates (in millimetres per year) and directions across the main rift 
structures®, 
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between 14 and 17 July. Hypocentres delineate a steep plane dipping to 
the northwest, and striking N33 E close to the geometry of the focal 
mechanism of the main event (Fig. 2). Following that event, seismicity 
remained stationary under the southern slope of Gelai, with a broader 
distribution of hypocentres at depths between 1 and 14km, but still 
clustered in the N33 E direction. 

Field observations in early August and October showed metres- to 
kilometres-long, newly formed en échelon tension fractures along the 
southern flank of Gelai, delineating two main north-northeast-south- 
southwest strands separated by 2-3km. Vertical displacements are 
consistently east-down for the western strand and west-down for 
the eastern strand, resulting in a narrow central graben. Displace- 
ments are larger along the eastern strand in its middle segment, with 
an average of ~12 cm of opening and ~35 cm of vertical offset. This 
strand also shows evidence for repeated activation in recent times. No 
eruption or venting was recorded at Gelai, but the crisis was accom- 
panied by renewed activity at the nearby Ol Doinyo Lengai carbona- 
titic volcano” (Fig. 1), with explosive eruptions bearing similarities to 
the 1966 events’’. 

Surface deformation associated with the Natron crisis was also 
quantified using data from the Global Positioning System (GPS; 
Fig. 1) and radar interferometry (InSAR; Fig. 3). An interferogram 
spanning 3 April to 17 July shows that deformation started before the 
main M,, = 5.9 event, with ellipse-shaped fringes that coincide with 
earthquake epicentres for that time interval (Fig. 3). Their pattern, as 
well as the distribution of earthquake hypocentres and the focal 
mechanism of the larger events, is consistent with slip on a buried, 
northwest-dipping normal fault. The 17 July—21 August interfero- 
gram (Fig. 3c) shows deformation-related fringes centred on the 
southern flank of Gelai in a pattern indicative of the subsidence of 
a fault-bounded central graben bounded on either side by areas of 
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Figure 2 | Earthquake locations from the local seismic network. 
Earthquakes are colour-coded as a function of date; the key shows the 
corresponding days of July 2007. Top panels: map view; bottom panels: 
cross-sectional view. The thin dashed lines at 14-km depth indicate a velocity 
increase from 5.9 to 6.5 kms | for seismic P waves in the crustal model used 
for earthquake location (see Methods). The left-hand panels show the 12-17 
July interval. Event depths increase from southeast to northwest and 
delineate a fault plane deepening to the northwest at 60° and striking N33 E 
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uplift and horizontal displacement away from the graben. This is 
consistent with the deformation expected from a blade-shaped dyke 
with induced surface faulting at its upper tip*’*. At least four fringes 
(~12cm in range) are also visible on the eastern flank of Gelai, 
indicative of the subsidence possibly induced by magma chamber 
deflation. 

We model surface deformation as the result of dislocations on 
faults’? and volume changes at point sources (so-called “Mogi 
sources’) buried in an elastic half-space (see Methods) to estimate 
the amount of slip and opening on the faults involved and the volume 
changes due to the dyke intrusion and magma chamber deflation. We 
first model the 3 April-17 July interferogram, using a normal fault 
with strike and dip taken from the geometry of the plane derived 
from the 12-17 July hypocentres (Fig. 3b). The best-fit solution 
shows up to 0.5 m of normal slip concentrated at a depth of between 
5 and 10 km, with a distribution that matches earthquake hypocen- 
tres, and a total moment release of 2.7 X 10'*Nm. Because the 
cumulative seismic moment release for that time interval is 
6.5 X 10'°Nm, ~98% of the total moment must have been dissi- 
pated aseismically. Slip most likely occurred from 12 to 17 July, as 
seismicity was migrating from south to north along the fault (Fig. 2), 
in the first slow slip event recorded on a normal fault in a continental 
rift. 

We then model the 17 July—21 August interferogram with a com- 
bination of fault slip and dyke opening. We use discontinuities in the 
interferograms and field observations to map the surface trace of the 
graben-bounding faults, where we allow slip down to depths of 
2-4km (from south to north, as the graben widens), and include 
the ‘pre-17 July’ normal fault defined above. We simulate the dyke 
as a vertical tensile dislocation with its surface projection following 
the centre of the axial graben and allow opening between the surface 
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(from a least-squares fit through hypocentres). Epicentres (top) are 
superimposed on the surface projection of the slip distribution estimated on 
this fault, showing that they coincide with the area of maximum slip. The 
right-hand panels show the interval from 17 July (the time of the M, = 5.9 
event, marked as a white-circled black dot) to 31 July. Dashed lines between 
points A and A’ indicate the cross-sections used in the bottom panels. NGRS 
indicates the location of the Engaresero GPS site, where a horizontal 
displacement of 5.7 cm was measured in the direction indicated by the arrow. 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE| Vol 456|11 December 2008 


35.9° 36° 


Latitude 


-2.6° 


-2.7° 


—2.8° 


=2.9° 


Phase change 


0 2n 


Figure 3 | Interferograms and corresponding model results. Each fringe in 
the interferograms (that is, phase change in cycles, reckoned positive for 
increasing range) represents a ground displacement of 2.8 cm in the 
satellite-ground direction. a, 7 April-17 July interferogram (the 17 July 
image was made 7 h before the M,, = 5.9 earthquake) showing four elliptical 
fringes indicating ~12 cm of positive range change (ground moving away 
from the satellite) and one poorly defined negative range change fringe (to 
the east). b, Corresponding model. ¢, 17 July-21 August interferogram 
showing deformation-related fringes covering an area of about 50 X 70 km? 
centred on the southern flank of Gelai. The two-lobe fringe pattern indicates 
up to 45 cm of negative range change (ground moving towards the satellite) 
in the eastern half of the scene and 17 cm of positive range change in the 
western half. Fringes in the lobes converge along a 15-km-long, 2—3-km-wide 
elongated area of positive range change (=55 cm in its southern part and 


and a depth of 12km. We include volume-change point sources 
below Gelai to simulate the local subsidence in Fig. 3c and below 
the Natron basin to explain the asymmetry of the fringe lobe north- 
west of the dyke. 

The best-fit inversion (Figs 3d, 4) includes =2 m of dyke opening 
between depths of ~2 and 6 km, centred below the southern half of 
the fault-bounded graben, and <0.6 m of slip on the shallow normal 
faults on either side of the dyke, consistent with field observations. 
We find a patch of shallow slip (4—5-km depth) on the pre-17 July 
fault, with a corresponding moment release of 8.5 X 10'7 Nm, or 
My = 5.95, consistent with the 17 July earthquake. The computation 
of stress changes caused by the pre-17 July slip acting on vertical faults 
trending N25 E shows that the area of largest estimated dyke opening 
coincides with the most negative change in normal stress (Fig. 3c). 
This suggests that dyke opening was triggered by static stress changes 
associated with pre-17 July slip (see, for example, ref. 15). We find a 
total volume of 0.09km° of magma intrusion in the dyke and a 
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>45 cm in its northern part). Fringes in this central area are not contiguous 
with the side lobes, but have discontinuities matching the fractures mapped 
in the field. d, Corresponding model. Estimated slip on the pre-17 July 
normal fault, shown in Fig. 4d, is omitted here for sake of clarity. In the 
interferograms, black orthogonal arrows show the satellite displacement and 
look directions. In the models, red lines show the intersections of model 
faults and dyke with the surface; grey dots delineate observed fringes; dashed 
lines show model fringes; background colours show range change; the thin 
grid shows the surface projection of the fault model; and colours in the grid 
show the distribution of slip and opening estimated in the inversion. Black 
and red arrows show observed and predicted displacement, respectively, at 
GPS site Engaresero. Red circles show the location of the Mogi sources under 
Gelai and the Natron basin. See Supplementary Figure 1 for model residuals. 


negative volume change of 0.06km? at the Mogi point sources 
(0.01-km’ deflation of a 3-km-deep point source below Gelai volcano 
and 0.05-km? deflation of a 10-km-deep point source west of Gelai). 
Some or all of the magma intrusion may therefore have its source in 
the magma chambers below and west of Gelai (see Methods). 

The total moment released by fault slip and dyke opening esti- 
mated from geodetic data for the 17 July—21 August interval is 
4.0 X 10'* Nm. Because cumulative seismic moment release for that 
interval is 1.4 X 10'° Nm, about 65% of the total moment must have 
been released by aseismic processes. Our inversion gives a moment of 
2.6 X 10'°N m for the (aseismic) dyke opening, or 65% of the total 
‘geodetic’ moment release, consistent with the missing moment 
inferred from seismic processes alone. This moment release budget 
illustrates the importance of aseismic processes to the July 2007 
Natron rifting events, a feature consistent with magma-assisted 
oceanic rifting episodes*’. The 2007 Natron rifting episode, there- 
fore, provides a snapshot of strain partitioning between faulting and 
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Figure 4 | Slip/opening model. a, Estimated slip distribution for the 12-17 
July slow slip event on the northwest-dipping normal fault. The locations of 
B and B’ are shown in Fig. 2. b, Estimated opening distribution along the 
dyke and slip distribution on the shallow normal faults bounding the central 
graben. c, Normal stress changes (background colours) caused by pre-17 
July slip, resolved along the (future) dyke. Negative normal stress changes 
(red) promote dyke opening (indicated in metres by the contours; see b). The 
black dashed line is the intersection of the pre-17 July normal fault with the 


magma intrusion processes needed to link discrete rifting episodes 
with the time-averaged deformation. 

The largely aseismic Natron rifting event would have remained 
undetected in the absence of local seismic networks, surface volcanic 
eruptions or geodetically measured surface deformation. Indirect 
evidence, however, indicates that this event is typical of the rifting 
process in the eastern rift system, and that magma intrusions fun- 
damentally modify the crust and upper-mantle structure during the 
initial stages of rifting. Magma intrusion is common in space and 
time, with volcanism preceding or concurrent with the onset of fault- 
ing in the eastern rift. In addition, although crustal thinning is less 
than 10%, mantle xenoliths show that the cratonic mantle litho- 
sphere beneath the eastern rift has been metasomatized by magmatic 
fluids'*®. The earthquake sequence reported here bears similarities to 
other earthquake swarms in the eastern rift that occurred before there 
was adequate geodetic coverage'’"'’. Narrow, high-velocity zones in 
the upper crust are interpreted as cooled melt intrusion from earlier 
dyking events". 

Magma-assisted rifting models provide a unified framework for 
these observations. Owing to the positive buoyancy of melt, dyke 
intrusions may reduce the force required to cause extensional yield- 
ing of initially thick continental lithosphere by a factor of up to six”. 
Dyke intrusions occur at lower tectonic stresses than faulting, pro- 
vided that magma pressure is high’*. The density contrast caused by 
the dyke intrusions, and the reduction in plate strength by magmatic 
heating over repeated rifting events, localizes strain to zones of 
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dyke. d, Estimated slip distribution on the pre-17 July normal fault for the 17 
July—21 August interval. The colour scale for the slip distribution is the same 
as in b. The shallow slip patch probably corresponds to the 17 July M,, = 5.9 
earthquake, whose hypocentre is marked by a black circle. We show the 
geometry of the dyke, for reference. The dashed black line shows the 
intersection of the dyke with the pre-17 July fault plane. Red lines show the 
intersection of the modelled fault and dyke planes with the surface, shown in 
map view in Fig. 2. 


previous dyke intrusions”. The combination of a slow slip event, 
an aseismic dyke intrusion and normal faulting in a young cratonic 
continental rift is direct evidence of the role of strain accommodation 
through magma intrusions during the initial stages of continental 
rifting. 


METHODS SUMMARY 

We used arrival times from a local seismic network to locate earthquakes in the 
Natron rift. Ground deformation was calculated using radar interferograms 
based on data from Envisat (an Earth-observation satellite of the European 
Space Agency (ESA)) and GPS measurements. Field geological mapping of the 
ground fracture system associated with the seismo-magmatic crisis complemen- 
ted these geophysical measurements. Observational constraints from fieldwork 
and seismology were used to design the model geometry. Fault slip and dyke 
opening were then calculated from a kinematic inversion of the ground deforma- 
tion data. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Seismology. We determined the source mechanism of the 17 July My = 5.9 event 
using teleseismic body waves from 24 stations assuming mean crustal P- and 
S-wave velocities of 6.0 and 3.46kms ', respectively, and find a source of 3-s 
duration with a simple pulse, a seismic moment of 1.1 X 10'*Nm and a purely 
normal faulting source mechanism with a strike of 241°, a dip of 55° and a rake of 
—85°. Earthquake locations were computed using the HYPOCENTER program” 
with a crustal velocity model derived from the 1991 seismic refraction experi- 
ment” of the Kenya Rift International Seismic Project, with P-wave velocities as 
given in Supplementary Table 1. Statistical uncertainties in hypocentre location 
are of 3-6 km in depth and north-south position and <3 km in east-west position. 
Radar interferometry. We used radar data acquired by the ESA Envisat sat- 
ellite*. Only images acquired on descending orbits are available for the area and 
time interval of interest, because of a failure in the Artemis satellite (ESA) relay- 
ing Envisat data to the ground. The main parameters from the two interfero- 
grams used here are given in Supplementary Table 2. Additional radar data from 
ALOS (a satellite of the Japanese Aerospace Exploration Agency) and Envisat are 
available; a complete catalogue can be found in ref. 4. Phase unwrapping was 
performed using the SNAPHU algorithm™. Satellite orbital parameters were 
fixed to the values provided by Delft University of Technology and ESA. We 
account for possible orbital biases in the slip inversion (see Methods) by solving 
for phase gradients in the north-south and east-west directions and a line-of- 
sight offset accounting for the unknown zero-phase level. 
Modelling. We discretize the dyke and faults with rectangular patches of dimen- 
sion ~1 km X 1 km and compute the impulse functions that relate slip on each 
patch'’ and volume change at each point source" to surface displacement at the 
observation points, while assuming a Poisson ratio of 0.25 and a shear modulus 
of 33 GPa. We use least squares to invert the model and estimate dyke-normal 
opening on the dyke patches, normal dip-slip displacement on the fault patches, 
and volume changes at the Mogi sources from InSAR line-of-sight range change 
and three-dimensional GPS displacement at site Engaresero. 

We subsampled the interferograms to 302 data points for the interval between 
3 April 2007 and 17 July 2007 and 1,254 data points for the interval between 17 
July 2007 and 21 August 2007. The data were weighted by the inverse of their 
(diagonal) covariance matrix formed using a single-pixel standard deviation of 
5.6 mm (20% of the half radar wavelength for Envisat), which was derived from 
the phase variations calculated from 20 interferograms spanning January 2006 to 
2008 along two profiles, one across the southern flank of Gelai and the other in 


nature 


the Natron basin to the west of Gelai. To avoid implausible and overly rough slip/ 
opening distributions, we applied smoothing by means of a finite-difference 
approximation of the Laplacian operator and applied positivity constraints. 

Chi-squared statistics for the best-fit models are 98,832 and 148,455 and 
average residuals are 2.8cm and 5.4cm for the 3 April 2007-17 July 2007 and 
17 July 2007-21 August 2007 intervals, respectively. We have verified that the 
simple elastic models used here provide results similar to forward models based 
on a three-dimensional mixed-boundary-element method that takes into 
account realistic topography and gravitational stresses. Supplementary Fig. 1 
compares, side-by-side, the observed unwrapped interferogram (left panel) with 
the simulated unwrapped interferogram derived from the estimated slip/open- 
ing model parameters (middle panel), and shows the residual signal (observed 
minus model). 

Volume-change calculations depend strongly on Poisson’s ratio (a constant 
value of 0.25 is used here), the shape of the magma chamber (here a point source) 
and magma degassing and expansion as pressure drops (not accounted for 
here)**’, This later process may result in a volume increase by a factor of up 
to five’*. 
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Major gradients in putatively nitrifying and 
non-nitrifying Archaea in the deep North Atlantic 


Héléne Agogué’, Maaike Brink’, Julie Dinasquet' & Gerhard J. Herndl'+ 


Aerobic nitrification of ammonia to nitrite and nitrate is a key 
process in the oceanic nitrogen cycling mediated by prokaryotes’. 
Apart from Bacteria belonging to the B- and y-Proteobacteria 
involved in the first nitrification step, Crenarchaeota have recently 
been recognized as main drivers of the oxidation of ammonia to 
nitrite in soil as well as in the ocean, as indicated by the dominance 
of archaeal ammonia monooxygenase (amoA) genes over bacterial 
amoA”’, Evidence is accumulating that archaeal amoA genes are 
common in a wide range of marine systems**. Essentially, all these 
reports focused on surface and mesopelagic (200-1,000 m depth) 
waters, where ammonia concentrations are higher than in waters 
below 1,000 m depth. However, Crenarchaeota are also abundant 
in the water column below 1,000 m, where ammonia concentrations 
are extremely low. Here we show that, throughout the North Atlantic 
Ocean, the abundance of archaeal amoA genes decreases markedly 
from subsurface waters to 4,000m depth, and from subpolar to 
equatorial deep waters, leading to pronounced vertical and latitud- 
inal gradients in the ratio of archaeal amoA to crenarchaeal 16S 
ribosomal RNA (rRNA) genes. The lack of significant copy numbers 
of amoA genes and the very low fixation rates of dark carbon dioxide 
in the bathypelagic North Atlantic suggest that most bathypelagic 
Crenarchaeota are not autotrophic ammonia oxidizers: most likely, 
they utilize organic matter and hence live heterotrophically. 

Planktonic Archaea consisting of the two major groups, 
Crenarchaeota and Euryarchaeota, might account for about one- 
third of all prokaryotic cells in the global ocean’*. Crenarchaeota 
are generally more abundant than Euryarchaeota in marine waters’? 
and mainly comprise the marine Crenarchaeota group I (MCGI) and 
the deep-branching pSL12-like clade*. Until recently, only members 
the bacterial domain, y- and B-Proteobacteria were known to oxidize 
NH, to NO, , and y-, B-, 6-Proteobacteria and Nitrospira species 
to oxidize the intermediate product NO, to NO; (ref. 1). Recent 
genomic studies suggest that mesophilic Crenarchaeota might play a 
role in the ammonia oxidation, as the amoA gene encoding a subunit 
of one of the key enzymes in the ammonia oxidation, ammonia 
monooxygenase, has been detected*!®''. The only two mesophilic 
marine crenarchaeal isolates (that is, Cenarchaeum symbiosum and 
Nitrosopumilus maritimus) also carry this amoA gene'”'*. Recent 
quantitative studies showed that MCGI oxidize ammonia as their 
energy source and that archaeal amoA genes are at least one order 
of magnitude more abundant than bacterial amoA in various marine 
and soil environments**'*'>. Moreover, Mincer et al.* recently sug- 
gested that the pSL12-like clade may also contain amoA genes. Taken 
together, there is evidence that at least some of the MCGI are chemo- 
autotrophic ammonia oxidizers although other studies indicate that 
Crenarcheaota might be heterotrophic as well®'°’. 

All the studies quantifying archaeal amoA gene abundance in the 
pelagic realm, however, focused on the euphotic and mesopelagic 


zones, where ammonia is generated by remineralization processes 
such as in the oxygen minimum zone*~"". In addition, the only-free 
living isolate, Nitrosopumilus maritimus, has been obtained from an 
ammonia-rich tropical aquarium’*. However, Crenarchaeota are 
abundant in bathypelagic (1,000—4,000 m depth) waters as well”®”’, 
where ammonia concentrations are below 5nM (M. Woodward, 
personal communication) and only detectable with highly sensitive 
methods, thus making it unlikely that ammonia is readily available as 
an energy source in these deep waters. 

The contributions of putatively ammonia-oxidizing Archaea 
(AOA) and Bacteria (AOB) to the total archaeal and bacterial com- 
munities were determined by quantitative PCR (qPCR) in the main 
water masses of the Atlantic from 65° N to 5° S covering a depth range 
from 100m to 4,000 m. The abundance of specific groups of plank- 
tonic Crenarchaeota (MCGI and the pSL12-like clade) based on 16S 
rRNA gene fragments was determined and compared with the abund- 
ance of AOA and AOB using two specific primer sets targeting 
archaeal and bacterial amoA genes at 10 stations, comprising different 
water masses with specific physical and chemical characteristics (for 
details see Supplementary Fig. 1 and Supplementary Tables 1 and 2). 

The highest MCGI abundance was found in the mesopelagic layer 
in almost all the stations, particularly in the oxygen minimum layer 
(that is, between 200 and 600 m depth; Fig. la and Supplementary 
Tables 1 and 3). The abundance of the pSL12-like clade was about 1.5 
orders of magnitude lower than MCGI (Supplementary Table 3). In 
most of the samples (40 out of 55), the contribution of the pSL12-like 
clade to total crenarchaeal abundance was less than 5% 
(Supplementary Table 3) but followed a similar vertical distribution 
pattern as MCGI. The pSL12-like clade was more abundant just 
below the euphotic zone (that is, 250 m depth) than in deeper water 
masses (Supplementary Table 3). A similar trend was observed by 
Mincer et al.*, who found more pSL12-related members below the 
euphotic zone of the North Pacific subtropical gyre. The distribution 
of the copy numbers of the 16S rRNA genes (MCGI and pSL12-clade) 
obtained by qPCR corresponds to the distribution pattern of 
Crenarchaeota with depths reported previously using fluorescent in 
situ hybridization’*”°*!. Overall, marine Crenarchaeota seem to be 
particularly associated with the oxygen minimum zone*”'!”’, 

Copy numbers of archaeal amoA genes were always highest at the 
base of the euphotic zone, ranging from 2.5 X 10° to 25 X 10° ml™! 
and decreasing with depth (Fig. 1b and Supplementary Table 3). 
Although no latitudinal trend in the abundance of the archaeal 
amoA genes was detectable at the base of the euphotic zone, in deeper 
waters, archaeal amoA copy numbers decreased by two to three 
orders of magnitude from the subpolar to the subtropical and equa- 
torial Atlantic (Fig. 1b and Supplementary Table 3). The higher 
abundance of archaeal amoA genes in the meso- and bathypelagic 
waters in the northern part of the Atlantic coincides with the higher 


'Department of Biological Oceanography, Royal Netherlands Institute for Sea Research (Royal NIOZ), PO Box 59, 1790 AB Den Burg, Texel, The Netherlands. +Present address: 
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ammonia concentrations there*', as these deep waters have been 
recently formed and therefore are younger than in the southern part 
of the North Atlantic”’. In contrast to the high number of archaeal 
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Figure 1 | Latitudinal and depth distribution of crenarchaeal 16S rRNA and 
archaeal amoA copy numbers in the eastern North Atlantic. a, b, Abundance 
of MCGI (a) and AOA (b) in the subsurface (~100 m) (n = 9), mesopelagic 
(meso) (n = 24) and bathypelagic (bathy) (m = 22) waters. ¢, Ratio of 

archaeal amoA copies to crenarchaeal (MCGI + pSL12-like clade) 16S rRNA 
copies per millilitre of marine water (nm = 55). Bars indicate standard errors. 
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amoA copy numbers, B-proteobacterial amoA copy numbers were at 
least one order of magnitude lower than archaeal amoA genes in the 
individual depth layers (Supplementary Table 3). y-Proteobacterial 
amoA genes were not quantified in this study because ammonia- 
oxidizing y-Proteobacteria were not detected in this region of the 
Atlantic by qPCR in a previous study’ nor in Arctic or North Pacific 
samples***. Taken together, our data confirm previous findings that 
crenarchaeal amoA genes are far more abundant than bacterial amoA 
genes in marine systems**">. 

The average ratio of archaeal amoA copy numbers compared with 
crenarchaeal 16S rRNA genes in the subsurface waters (100-150 m 
depth) was close to 1, particularly in the northern and equatorial 
North Atlantic, whereas it was less than 0.01 in the bathypelagic 
waters of the subtropical and equatorial region of the North 
Atlantic (Fig. 1c and Supplementary Fig. 2). Our ratios for the surface 
waters are similar to those of Mincer et al.*, who reported a ratio 
between archaeal amoA and archaeal 16S rRNA genes of about 1, 
whereas Wuchter et al.’ and Beman et al.’ reported a ratio of 2.8 
and 2.5, respectively. Genomic studies on the two mesophilic cren- 
archaeal isolates obtained thus far revealed that Cenarchaeum 
symbiosum and Nitrosopumilus maritimus contain only one amoA 
gene copy per cell’*. In the 100-150 m depth range, the average ratios 
between archaeal amoA and crenarchaeal 16S rRNA genes were 0.9, 
0.4 and 0.7 for the northern, subtropical and equatorial regions, 
respectively (Fig. 1c). We conclude, therefore, that in subsurface 
waters most of the Crenarchaeota are putatively capable of ammonia 
oxidation throughout the North Atlantic. In the northern part of the 
Atlantic (65—30° N), the ratio of archaeal amoA to crenarchaeal 16S 
rRNA genes decreased only by about one order of magnitude from 
the surface waters to the bathypelagic realm (Fig. 1c). In the subtro- 
pical and equatorial regions of the Atlantic (30° N — 5°S), however, 
this ratio decreased by at least two orders of magnitude from the 
subsurface to the bathypelagic waters (Fig. 1c). Hence, AOA are 
apparently only abundant throughout the water column in the 
northern North Atlantic, with its newly formed and therefore young 
deep waters*’*>”°. The major fraction of the abundant Crenarchaeota 
in the subtropical and tropical North Atlantic deep waters most likely 
use energy sources other than ammonia. 

To assess the diversity of AOA in the meso- and bathypelagic 
waters of the North Atlantic, archaeal amoA clone libraries were 
established for two mesopelagic samples where qPCR analyses 
revealed relatively high numbers of AOA, and for one bathypelagic 
sample where the AOA abundance was very low (Supplementary 
Table 3). The bathypelagic clone library exhibited the lowest 
observed and estimated operational taxonomic unit richness 
(Supplementary Fig. 3 and Supplementary Table 4). The richness 
levels of the two mesopelagic clone libraries were comparable or 
higher than those observed for archaeal amoA clone libraries from 
other marine pelagic environments'' (Supplementary Table 4). In a 
DNA-based phylogenetic tree, the obtained sequences fell into two 
distinct groups: cluster A (‘shallow cluster) and cluster B (‘deep’ 
cluster)*''”” (Fig. 2). Based on phylogenetic analyses of PCR clone 
libraries, individual regions of the mesopelagic North Atlantic har- 
bour specific archaeal amoA sequences (that is, North Atlantic and 
equatorial subclusters (Fig. 2)). More than half of the sequences of 
the clone library from the mesopelagic North Atlantic formed a 
coherent cluster closely related to sequences obtained from the same 
region’. Similarly, specific sequences recovered from the bathypelagic 
clone library fell into bathypelagic subcluster 1 within cluster A and 
into bathypelagic subcluster 2 of the phylogenetically distinct cluster 
B (Fig. 2). About 60% of the obtained archaeal amoA sequences were 
affiliated to the North Atlantic subcluster harbouring amoA 
sequences from a diverse range of marine habitats**>''” (Fig. 2). 
Taken together, our phylogenetic analyses indicate latitudinal and 
vertical differences among archaeal amoA sequences with generally 
rather low diversity in equatorial bathypelagic waters (Supple- 
mentary Fig. 3) coinciding with the rather low abundance of AOA. 
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There is, however, still the possibility that deep ocean Crenarchaeota 
harbour specific versions of amoA genes not targeted by the available 
primer sets. 

An archaeal 16S rRNA clone library was also established for one 
mesopelagic sample and three bathypelagic samples (for details see 
Supplementary Information). Ina DNA-based phylogenetic tree, the 
obtained crenarchaeal sequences fell into the MCGI and pSL12-like 
groups (Supplementary Fig. 4). The phylogenetic analyses of the 
archaeal 16S rRNA genes also strengthen the idea that specific water 
masses harbour specific ecotypes and that the presence of operational 
taxonomic unit 2, closely related to Nitrosopumilus maritimus, espe- 
cially in the TRANSAT sample, might explain the high abundance of 
amoA genes in this specific water mass (for details see Supplementary 
Information). 

Ammonia-oxidizing Archaea are generally chemoautotrophic, 
using acetyl-coenzyme A carboxylase to fix inorganic carbon”. 
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Figure 2 | Phylogenetic tree of archaeal amoA sequences recovered from 
the North Atlantic. Neighbour-joining bootstrap tree of long amoA-like 
nucleotide sequences to which we added our partial sequences (217 base 
pairs (bp), EU795424-EU795460) and the sequences of Wuchter et al.* 
(217 bp, DQ784528-DQ784537) using the ARB parsimony tool (NA, North 
Atlantic). One representative of sequence group =99% identical is shown 
(in colour); the number in front of the respective symbol indicates the 
number of clones. Database sequences are shown in black. Bootstrap values 
(>50%) are indicated at each branch point. 
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Figure 3 | Archaeal amoA copy numbers versus CO, fixation. Relation 
between archaeal amoA gene copy numbers and CO, fixation across all the 
stations and depths (except station T9; n = 31). Regression equation: 

y = 0.0063x°°?"”. 


Hence, if AOA are the dominating nitrifiers, as suggested by the 
much higher archaeal than bacterial amoA copy numbers, one would 
expect a tight relation between archaeal amoA copy numbers and 
bulk CO, fixation rates. Relating the dark CO, fixation rates obtained 
at these specific stations and depths by Herndl et al.* and T. 
Reinthaler and G.J.H. (unpublished observations) to the archaeal 
amoA copy numbers determined in this study, it appears that about 
50% of the variation in CO) fixation rates can be explained by 
archaeal amoA abundance (Fig. 3). This provides further indepen- 
dent evidence that most bathypelagic Crenarchaeota are not chemo- 
autotrophic nitrifiers, but most likely use organic substrates as 
carbon and energy sources, as also indicated by microautoradiogra- 
phy combined with fluorescence in situ hybridization and genomic 
analyses*'*'*?!*7. This conclusion is further supported by recent 
comparative metagenomic analyses of uncultivated Archaea of vari- 
ous meso- and bathypelagic oceanic regions by Martin-Cuadrado 
et al.”’. In none of the nine fosmid libraries of MCGI from 500 to 
3,000 m depth were amoA genes detected”. 

In summary, it appears that only in the northern part of the North 
Atlantic mesophilic Archaea predominantly oxidize ammonia as an 
energy source throughout the water column including the bathype- 
lagic realm. The abundance of putatively ammonia-oxidizing 
Crenarchaeota gradually decreases in the meso- and bathypelagic 
waters from the north to the equator in the Atlantic Ocean, coincid- 
ing with an increasing age of these water masses and, concomitantly, 
a decrease in the diversity of archaeal amoA sequences. In the sub- 
tropical and equatorial bathypelagic waters, AOA contribute less 
than 1% to the crenarchaeal community. Hence, only a minor frac- 
tion of the bathypelagic Crenarchaeota putatively oxidize ammonia 
in the temperate and subtropical North Atlantic. Consequently, a 
heterotrophic life mode for bathypelagic Crenarchaeota seems to 
become increasingly important from north to south in the 
Atlantic’s interior. 


METHODS SUMMARY 


Sampling was conducted aboard the RV Pelagia during two cruises (TRANSAT- 
1 and ARCHIMEDES-2) following the North Atlantic Deep Water from 65° N to 
5° S in the eastern basin of the Atlantic Ocean. Specific water masses were iden- 
tified and sampled based on their physical and chemical characteristics. 

Using qPCR, the copy numbers of MCGI 16S rRNA, pSL12-like 16S rRNA, 
archaeal amoA and f-proteobacterial amoA genes were determined using 
specific primers and SYBR Green. 

Archaeal amoA clone libraries were generated from two stations: station A33 at 
two distinct depths (749 and 2,502 m) and station T28 at 597m depth by PCR 
amplification using specific archaeal amoA primers. Archaeal 16S rRNA gene clone 
libraries were generated from three stations: station T9 at 2,071 m, station A3 at 
two distinct depths (249 and 2,750 m) and one additional station in the Romanche 
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Fracture Zone (—0.21°N, —18.43°E) near station A33 (1°N, —20.60°E) at 
7,155 m depth by PCR amplification using specific archaeal primers. 

Dark archaeal CO, fixation was measured by the incorporation of 
['*C] bicarbonate. The resulting mean disintegrations per minute of the samples 
were converted into organic carbon produced over time and corrected for the 
natural dissolved inorganic carbon concentration. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Study sites and sampling. Sampling was conducted aboard the RV Pelagia during 
two cruises (TRANSAT-1 and ARCHIMEDES-2) following the North Atlantic 
Deep Water from 65°N to 5°S in the eastern basin of the Atlantic Ocean. 
Specific water masses were identified and sampled based on their physical and 
chemical characteristics (Supplementary Table 1). At each station, six depths were 
sampled with 10-1 NOEX samplers mounted on a conductivity-temperature— 
depth (CTD) frame. Ten stations were used for qPCR analysis (Supplementary 
Fig. 1). 

DNA extraction of marine samples. Extraction of total DNA was performed 
using an UltraClean soil DNA and Mega soil DNA isolation kits (Mobio) for 
TRANSAT-1 and ARCHIMEDES-2 samples, respectively. 

qPCR. The copy numbers of MCGI 16S rRNA, pSL12-like 16S rRNA, archaeal 
amoA and f-proteobacterial amoA genes were determined in triplicate on the 
non-diluted samples and in two different dilutions per sample using specific 
primers (Supplementary Table 2) and SYBR Green. The four real-time 
approaches yielded highly reproducible standard curves with DNA of the plas- 
mid 088exp4, the fosmid HF770_041/11, Nitrosopumilus maritimus and a mix of 
four B-Proteobacteria, for MCGI, pSL12-like, archaeal amoA and B-proteobac- 
terial amoA standards, respectively. All reactions were performed in duplicate for 
the standards and in triplicate for the samples; an average value was calculated for 
each sample. Two different methods were used to determine the presence of non- 
specific amplified products. No unspecific products were found in any of the 
analysis (see Supplementary Information for details). 

Archaeal amoA clone libraries. Archaeal amoA clone libraries were generated 
from two stations: station A33 at two distinct depths (749 and 2,502 m) and 
station T28 at 597 m depth by PCR amplification using specific archaeal amoA 
primers (Supplementary Fig. 1 and Supplementary Table 2). The obtained 
sequences were compared with sequences from public databases and analysed 
using the ARB phylogenetic package (see Supplementary Information for 
details). 

Archaeal 16S rRNA gene clone libraries. Archaeal 16S rRNA gene clone libraries 
were generated from three stations: station T9 at 2,071 m, station A3 at two 
distinct depths (249 and 2,750 m) and one additional station in the Romanche 
Fracture Zone (—0.21° N, —18.43° E) near station A33 (1° N, —20.60°E) at a 
depth of 7,155m by PCR amplification using specific archaeal primers 
(Supplementary Fig. 1 and Supplementary Table 2). The obtained sequences were 
compared with sequences from public databases and analysed using the ARB 
phylogenetic package (see Supplementary Information for details). 

Archaeal CO, fixation. Dark CO, fixation was measured by the incorporation of 
['*C] bicarbonate (100 Ci, Amersham) in 40-ml samples in triplicate and trip- 
licate formaldehyde-fixed blanks incubated in the dark at in situ temperature for 
60-72 h. Subsequently, the incubations were terminated by adding formalde- 
hyde (2% final concentration) to the samples, filtering onto 0.2-y1m filters 
(Millipore, polycarbonate), rinsing three times with 10 ml of ultrafiltered water 
(30kDa molecular mass cut off) and then exposing the filters to a fume of 
concentrated HCl for 12h. Thereafter, the filters were placed in scintillation 
vials, 8 ml of scintillation cocktail (FilterCount, Canberra-Packard) was added 
and, after about 18h, counted on board in a liquid scintillation counter (LKB 
Wallac). The instrument was calibrated with internal and external standards. The 
resulting mean numbers of disintegrations per minute of the samples were 
corrected for the mean disintegrations per minute of the blanks, converted into 
organic carbon produced over time and corrected for the concentration of 
natural dissolved inorganic carbon. 
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Major gradients in putatively nitrifying and 
non-nitrifying Archaea in the deep North 
Atlantic 
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The yaxis in Fig. 3 of this Letter was incorrectly labelled “CO, fixation 
(m° day~')’. It should read ‘CO, fixation (umol C m~* day~')’. 
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Strong effect of dispersal network structure on 


ecological dynamics 


Matthew D. Holland’ & Alan Hastings’ 


A central question in ecology with great importance for manage- 
ment, conservation and biological control is how changing con- 
nectivity affects the persistence and dynamics of interacting 
species. Researchers in many disciplines have used large systems 
of coupled oscillators to model the behaviour of a diverse array of 
fluctuating systems in nature'*. In the well-studied regime of 
weak coupling, synchronization is favoured by increases in coup- 
ling strength and large-scale network structures (for example 
‘small worlds’) that produce short cuts and clustering*>°*. Here 
we show that, by contrast, randomizing the structure of dispersal 
networks in a model of predators and prey tends to favour asyn- 
chrony and prolonged transient dynamics, with resulting effects 
on the amplitudes of population fluctuations. Our results focus on 
synchronization and dynamics of clusters in models, and on time- 
scales, more appropriate for ecology, namely smaller systems with 
strong interactions outside the weak-coupling regime, rather than 
the better-studied cases of large, weakly coupled systems. In these 
smaller systems, the dynamics of transients and the effects of 
changes in connectivity can be well understood using a set of 
methods including numerical reconstructions of phase dynamics, 
examinations of cluster formation and the consideration of 
important aspects of cyclic dynamics, such as amplitude. 

Our study of the role of network structure on ecological dynamics 
considers exploiter—victim interactions'®* in networks that are rela- 
tively small and heterogeneous, and in which the importance of the 
amplitude of cycles means that results from weak coupling do not 
apply. We use explicit models of ecological dynamics, in which issues 
concerning both the phases and the amplitudes of oscillators are 
important, as opposed to general models based on phase oscillators”. 
The systems of conservation or ecological interest are typically those 
with strong connections’®, where boom-and-bust cycles can bring 
interacting populations close to extinction. Previous work suggests 
the importance of spatial structure and connectivity for reduction of 
cycle amplitude and increased persistence in both models'®”'”'* and 
laboratory systems'’. More recently, great interest has arisen in the 
practical application of connectivity in a conservation context and in 
biological control", with all the heterogeneities present in natural and 
managed systems having a vital role'*”””’. However, most current 
theoretical understanding comes from models with very regular con- 
nections among patches, by contrast with the heterogeneity in natural 
systems that are far from regular***. We focus on heterogeneities, 
specifically in network structure, and on the formation of clusters, that 
is, groups of spatial locations with synchronous dynamics. 

We present results for ten-patch systems, which are intermediate in 
size between typical studies of small systems (two to four patches'”””) 
and large lattice systems (hundreds to thousands of patches*'*). We 
choose this size mainly for tractability, and also because many managed 
systems have a relatively small number of connected sites, and larger 
systems behave similarly. We use regular lattices of degree four (each 


node, which represents a habitat patch, is connected to four nearest 
neighbours) to begin modelling dispersal networks. To investigate the 
effect of irregular patterns of dispersal among patches, we also consider 
networks that have been randomized by ‘rewiring’ one or more edges”® 
(removing a connection between one pair of patches and replacing it 
with a connection between a different pair), as well as networks in 
which all edges (connections) have been assigned at random. Sample 
networks are shown in Fig. 1. The local and dispersal dynamics of the 
system are modelled as follows: 


dh; pihi ; u 
ap MA —Ohi)— Ta +h D | Aah (1) 


dp; _ bpihi 
dt 1+h; 


npit dp >> Aipj (2) 


j=l 


This is a non-dimensional and spatially structured form of the well- 
known Rosenzweig—MacArthur predator-prey model”, with h repre- 
senting prey density and p representing predator density, interacting in 
n discrete habitat patches”. The local dynamics are determined by 
three parameters: @ (prey-to-predator conversion rate), 0 (strength 
of prey self-regulation) and 1 (predator mortality rate). Dispersal 
among patches is governed by the dispersal rates d;, (prey) and d, 
(predators) and the matrix A. 

The system of equations (1) and (2) can produce a variety of spatial 
dynamics. Solutions range from global synchrony (all patches display 
identical fluctuations through time; we will refer to this as the one- 
cluster solution) to global asynchrony (all patches have unique tra- 
jectories at any given time; n-cluster solutions), as well as solutions 
with between two and n — 1 clusters of synchronous patches (Fig. 2 
and Supplementary Figs 1-6). It is important to note that (even for 
the same parameter values) there may be several k-cluster solutions 
with different characteristics for 2 <= k= n. In particular, continuous 
measures of asynchrony such as correlation of densities among 


a b c 


Figure 1| Sample dispersal networks for systems with ten patches. All 
networks have an average degree of four, and dispersal is bidirectional. a, A 
ring lattice, referred to as a ‘regular’ network. b, A rewired ring lattice starts 
as a ring lattice and is rewired by replacing m edges at random. Here m = 2. 
c, A random network is produced by choosing nk/2 edges at random from all 
combinations of vertices (i,j) such that i<j. All dispersal networks used 
here were connected (every node can be reached by traversing one or more 
edges from every other node). 
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Figure 2 | Total predator amplitude (summed over all patches) as a 
function of time for cluster solutions. Local dynamics are characterized by 
strong prey density dependence (@ = 0.3), predator mortality rates (7 = 1) 
comparable to prey birth rates, moderate predator dispersal (d, = 2-7) and 
slower prey dispersal (d;, = 2 °).a, b, Weak predation (#@ = 2.75) and regular 
networks. c-f, Strong predation (¢ = 6) and rewired networks (m = 2). All 
initial conditions and rewired networks were independently generated (see 
Methods). Each panel is labelled with the asymptotic number of clusters (K) 
observed in the simulation. 
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Figure 3 | Distribution of cluster states as a function of time. We consider 
systems with moderate dispersal rates (d, = 2 °, d, = 277) and ordered to 
random dispersal networks. a, Regular lattice; b, m = 1; ¢, m = 2; d, m= 3; 
e, random network. Regular networks converge to two- and six-cluster 
solutions, whereas irregular networks produce more eight-, nine- and ten- 
cluster solutions. Most of these large-k-cluster states are transient solutions. 
Local dynamics correspond to strong predation (¢ = 5), strongly self- 
regulating prey (@ = 0.3) and predator mortality rates (7 = 1) comparable to 
prey birth rates. Each panel summarizes 100 independent simulations. 
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patches in different clusters may vary among k-cluster solutions and 
over time for a single k-cluster solution. Thus, even ‘globally asyn- 
chronous’ n-cluster solutions may display considerable synchrony 
and, hence, larger amplitudes at various times during the solution. 
Furthermore, large-k-cluster classes can contain complex transient 
solutions resembling chaotic saddles, as well as asymptotic solutions 
displaying chaotic, quasi-periodic or periodic behaviour. 

We find consistent and striking differences between dynamics with 
regular and irregular topologies for a broad range of underlying local 
dynamics. Looking at the distribution of cluster number through time 
in an ensemble of simulations reveals a substantial amount of informa- 
tion about the transient and asymptotic dynamics of these systems 
(Fig. 3 and Supplementary Figs 7-11). Increasing randomization of 
the network dramatically reduces the proportion of solutions with small 
to moderate numbers of clusters over ecologically relevant timescales. 

For systems with heterogeneous dispersal networks, the temporal 
dynamics of k-cluster solutions suggest that transient dynamics are 
probably far more important than asymptotic dynamics on ecological 
timescales (Fig. 3). There are consequences for fluctuation amplitude 
and extinction risk of predators and prey, as is further revealed by 
manipulating both the local and the dispersal dynamics of the system. 
Varying predator efficiency, #, is one way to move the system from 
low- to high-amplitude fluctuations. Because we are mainly interested 
in spatial persistence mechanisms, regional amplitude is a reasonable 
proxy for extinction risk in the context of a deterministic model (see 
Methods). For relatively low predator efficiencies, the asymptotic 
dynamics of all patch configurations are globally synchronous 
(Fig. 4a) and transients are short (Fig. 4b). At higher predator effi- 
ciencies, intermediate k-cluster solutions become stable, and asymp- 
totic amplitudes level off near two orders of magnitude. This effect 
holds even at very high predator efficiencies, where single-patch sys- 
tems fluctuate over five or more orders of magnitude and local extinc- 
tion is extremely likely. The transient dynamics of these solutions have 
even lower median amplitudes, closer to one order of magnitude. 
Systems with irregular network structures spend much more time 
on these lower-amplitude transient solutions (Fig. 4b). 
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Figure 4 | Predator amplitude and transient duration. a, c, e, Median total 
predator amplitude during transient (triangles, solid lines) and asymptotic 
(open circles, dashed lines) solution phases; b, d, f, mean fraction of time 
spent in transient solutions. The black lines in a, ¢, and e are amplitudes of 
globally synchronous solutions for the chosen parameter values: 0 = 0.3, 
n= 1,d,=2-°,dy=2’ (a,b); @ =5,0=0.3,n=1,d,=2 ° (6d), o=5, 
0=0.3,7=1, dy =2°’ (ef). Data points are jittered horizontally and 
alternate markers omitted in c—e to improve readability. Each case uses at 
least 150 independent simulations. Dark blue, regular lattice; green, m = 1; 
red, m = 2; light blue, m = 3; pink, random network. 
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Manipulating dispersal rates leads to more complex spatio-tem- 
poral patterns. As predator dispersal is increased from a low value, we 
go from long transients and low-amplitude asymptotic solutions to a 
regime of higher amplitude asymptotic solutions preceded by lower- 
amplitude transients, with transient durations decreasing at higher 
movement rates (Fig. 4c, d). Very low values of prey dispersal pro- 
duce shorter transients and low amplitudes in randomized networks 
and long transients of high amplitude in highly ordered lattices 
(log>(d;,) < —10; Fig. 4e, f). Larger rates of prey movement yield 
the now-familiar pattern of short transients leading to higher asymp- 
totic amplitudes in ordered lattices, and longer transients of low 
amplitude in more disordered networks (log,(d;,) > —10, Fig. 4e, f). 

Heterogeneous dispersal networks lead to dynamics with larger 
numbers of clusters (Fig. 3), which are generally transient solutions 
with considerable asynchrony and lower median amplitudes (Fig. 4) 
than the asymptotic solutions observed for lattice dispersal networks. 
There are some important caveats, however. Some transient solu- 
tions appear to be chaotic saddles or quasi-periodic solutions in 
which the median amplitude may not represent the dynamical 
regime that actually determines persistence. These solutions are rela- 
tively rare in our simulations, and occur most often for cases of 
strong resonance (Fig. 4c) or for very high values of predator dis- 
persal (Supplementary Figs 14, 15). The relevance of such cases will of 
course depend on the details of the biological system being studied. 

We demonstrate here that irregularities in connections among 
different sites in ecological networks can have large effects on the 
resulting dynamics. In particular, heterogeneous networks typically 
have longer periods of asynchronous dynamics, leading typically to 
lower amplitude fluctuations in population abundances; conse- 
quently, these are irregularities that cannot be ignored. However, 
decisions about the use of connectivity and corridors are being made 
in ecological systems based for the most part on theory that does not 
explicitly included heterogeneities'®**. Simultaneously, there is the 
need to characterize complex multidimensional systems in ecology, 
especially in the face of limited data. We show that for the kinds of 
systems we consider, cluster size is a simple, yet powerful and inform- 
ative, way of characterizing dynamics, which both has a relationship 
to underlying network regularity and can help in understanding the 
dynamics of transient solutions on ecological timescales. 


METHODS SUMMARY 


The system of equations (1) and (2) was integrated numerically using a method 
appropriate for stiff equations. All simulations were initiated with pseudoran- 
domly generated initial conditions, with all prey densities independently and 
identically distributed (i.i.d.) and all predator densities i.i.d. among all patches. 
For simulations using rewired or random networks, each simulation used an 
independently generated network. 

Windowed analyses of cluster solutions (Fig. 3, Supplementary Figs 7-11) and 
amplitude (Figs 2, 4, Supplementary Figs 14, 15) were carried out on overlapping 
windows of length 4T beginning at unit time intervals, where T is the mean 
period of a predator-prey cycle in a given simulation, averaged over all patches. 

We defined a k-cluster solution as a solution in which the n patches in the system 
could be assigned to k=<n clusters of patches with identical dynamics. Clusters 
were taken to be the unions of all intersecting pairs of synchronous patches. 

Time series were partitioned into transient and asymptotic regimes by treating 
predator—prey trajectories in individual patches as phase oscillators. We assumed 
that the rate of phase evolution within each patch would be constant when asymp- 
totic dynamics had been reached. In fact, many of the asymptotic solutions contain 
periodic variation in the oscillator periods themselves. Thus, the transient phase of 
dynamics was defined as the interval of time before all patches displayed constant 
or periodic phase evolution. An automated algorithm (described in Methods) was 
used to estimate this value from numerical solutions to equations (1) and (2). 

Total predator amplitude (Figs 2, 4) was defined simply as 


n 
log, ax Oates) 
10 : n 
min(>j_1 Pi) 
over the time interval of interest, rather than as the greatest amplitude of any 
particular cycle in the interval. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Numerical integration. Numerical integration was carried out using the back- 
ward-differentiation formula method in CVODE (ref. 29). Prey initial condi- 
tions were iid. with logio(h{0)) uniformly distributed on the interval 
(—5, 1+ logioh) and predator initial conditions were i.i.d. with logio(p;(0)) 
uniformly distributed on the interval (—5,1 + logiop), where h=n/(¢ — n) 
and p= (1+ h)(1 — 0h). 

Dispersal networks. We used three types of dispersal networks (Fig. 1), all with 
an average number of connections per vertex (degree) of four. A ring lattice of 
degree four (Fig. la) is obtained by placing n points on a ring and connecting 
each to its four nearest neighbours. A rewired ring lattice (Fig. 1b) is obtained by 
deleting m randomly chosen edges from a ring lattice and replacing them at 
random. Because our networks are small, we chose random edges from the set 
of edges not included in the original lattice. We generated random graphs of 
degree four (Fig. 1c) by choosing 2n edges at random from the n(n— 1)/2 
possible undirected edges. All networks were connected (every vertex can be 
reached by traversing one or more edges from every other vertex). 
Pseudorandom number generation. Pseudorandom numbers were generated 
using the Mersenne twister algorithm. 

Cluster identification. Dynamics in pairs of patches were compared by calculat- 
ing the linear correlation coefficient, p; of prey time series in all pairs of patches. 
A pair of patches was taken to have identical dynamics, and thus assigned to the 
same cluster, if pj; > 0.999. 

Non-dimensionalization. The system of equations (1) and (2) was obtained by 
non-dimensionalizing a spatially explicit version of the Rosenzweig— 
MacArthur?’ equations 


dH; Hj P;H; £ 
Hj (1 ) 4 + Dy a Aj Hj 
j=l 


dt K b+H; 


dP; _ caP;H; 
dt = b+H; 


n 
—mP;+Dp >> AiP; 
j=l 

by making the substitutions h; = H;/b, p;= aP;/rb and t= rt and defining the 
parameters 0 = b/K, $ = ca/r, n = m/r, dy, = Dylr and d, = Dp/r. The matrix 
A= M-Erepresents the allowed dispersal transitions, where M is the adjacency 
matrix of the dispersal network, meaning that Mj = 1 if individuals are allowed 
to move from patch j to patch i. E represents emigration, and is thus a diagonal 
matrix with entries E;; = Dj=1 Mii 
Phase analysis of transient duration. Phase dynamics of solutions to the pred- 
ator—prey model in equations (1) and (2) were reconstructed by treating the 
projections of the solution into the planes h; X p; as phase plane trajectories of 
limit cycle oscillators. The time between subsequent crossings from above of the 
line segment connecting the nontrivial equilibrium at (h, p) to the origin was 
taken to represent one cycle, or 2m radians of phase evolution. We defined 
Z,= fT) — f(Tiz), where T; = Tj, Ti,2, ..., Tip...» Tin is the time series of N 
cycle periods in the ith patch, fis a low-pass filter and T;,,, is the series of periods 
in the ith patch for the last «N observations of T;. Thus, the elements Z; should be 
close to zero when asymptotic dynamics have been reached. In practice, it is 
necessary to choose a positive threshold, ¢, and declare that asymptotic dynamics 
have been reached by time k if |Z;| <e for all j> k. Errors can result when the 
asymptotic dynamics of one or more patches are poorly approximated by a 
simple limit cycle, but if these deviations are themselves periodic at high fre- 
quencies, they will be removed by the filter f’ Most commonly, the one or two 
lowest amplitude patches will have sufficiently slow variation in period to cause 
errors. Therefore, in addition to filtering the T; to obtain Z;, we estimated the 
transient duration as the time until at least eight of ten patches had reached the 
stage of asymptotic behaviour by the above criterion, with ¢ = 0.1 and « = 0.167. 

The filter f was chosen to be a (Blackman) windowed sinc filter*® with 151 
points and a cut-off frequency of 0.05 per sample. This filter has a transition band 
from 0.04 (0-dB amplitude gain) to 0.07 per sample (—74-dB amplitude gain). 
In practice, this means that large-period deviations occurring on timescales of 14 
or more cycles may remain in the Z;, causing us to incorrectly conclude that 
asymptotic dynamics are never reached. The solution shown in Supplementary 
Figs li, 21, 3i is an example of such a case. 


29. Cohen, S. D. & Hindmarsh, A. C. CVODE, a stiff/nonstiff ODE solver in C. 
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Coordinate control of synaptic-layer specificity and 
rhodopsins in photoreceptor neurons 


Marta Morey'*, Susan K. Yee'*, Tory Herman't, Aljoscha Nern’', Enrique Blanco” & S. Lawrence Zipursky' 


How neurons make specific synaptic connections is a central ques- 
tion in neurobiology. The targeting of the Drosophila R7 and R8 
photoreceptor axons to different synaptic layers in the brain pro- 
vides a model with which to explore the genetic programs regu- 
lating target specificity. In principle this can be accomplished by 
cell-type-specific molecules mediating the recognition between 
synaptic partners’. Alternatively, specificity could also be achieved 
through cell-type-specific repression of particular targeting mole- 
cules. Here we show that a key step in the targeting of the R7 
neuron is the active repression of the R8 targeting program. 
Repression is dependent on NF-YC, a subunit of the NF-Y (nuclear 
factor Y) transcription factor’. In the absence of NF-YC, R7 axons 
terminate in the same layer as R8 axons. Genetic experiments 
indicate that this is due solely to the derepression of the R8- 
specific transcription factor Senseless’ (Sens) late in R7 differenti- 
ation. Sens is sufficient to control R8 targeting specificity and we 
demonstrate that Sens directly binds to an evolutionarily con- 
served DNA sequence upstream of the start of transcription of 
an R8-specific cell-surface protein, Capricious (Caps) that regu- 
lates R8 target specificity. We show that R7 targeting requires the 
R7-specific transcription factor Prospero*” (Pros) in parallel to 
repression of the R8 targeting pathway by NF-YC. Previous studies 
demonstrated that Sens®’ and Pros® directly regulate the expres- 
sion of specific rhodopsins in R8 and R7. We propose that the use 
of the same transcription factors to promote the cell-type-specific 
expression of sensory receptors and cell-surface proteins regulat- 
ing synaptic target specificity provides a simple and general mech- 
anism for ensuring that transmission of sensory information is 
processed by the appropriate specialized neural circuits. 

The compound eye comprises about 750 simple eyes (ommatidia), 
each containing a cluster of eight photoreceptor neurons (R1-R8). 
These neurons form synaptic connections in two regions of the optic 
lobe, the lamina and the medulla (Fig. la). The RI-R6 neurons 
innervate the lamina; the R7 and R8 neurons form connections in 
the M6 and M3 medulla layers, respectively. Genetic studies have led 
to the identification of cell-surface proteins regulating R7 and R8 
target specificity’"'*. Notably, mis-targeting mutant R7 neurons 
terminate selectively in M3 (refs 9-14), the layer in which wild-type 
R8 axons terminate, suggesting a close relationship between the gene- 
tic programs controlling R7 and R8 target specificity. Here we 
describe transcriptional regulatory pathways that control the differ- 
ential targeting specificity of these neurons. 

Ina screen for R7 targeting mutants"°, we identified a strong loss of 
function mutation in the NF-YC gene (Supplementary Fig. 1), which 
encodes a subunit of NF-Y, an evolutionarily conserved heterotri- 
meric transcription factor. Although NF-Y function has not been 
studied extensively in the fly'®”°, it has been shown to act as both 


an activator’! and a repressor” in other organisms. The targeting of 
visual-system neurons was assessed in mosaic animals’ to generate 
large patches of mutant retinal tissue early in development (Fig. 1b, 
b’). About 75% of NF-YC mutant R7 axons (n= 892 of 1,148) 
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Figure 1| NF-YC mutant R7 axons mis-target to the M3 layer. a, Schematic 
diagram of photoreceptor neurons (R cells) in the Drosophila visual system. 
The box indicates the area shown in b, b’, c, c’ and d—g. b-c”, Targeting of 
NF-YC mutant R7s (green) in mosaic animals (b—b", ey3.5FLP; 

c—c’, GMRFLP). Monoclonal antibody 24B10 (red) labelled all R7 and R8 
axons. Arrowheads, mutant R7s terminating in M3. Scale bar, 10 jim. Error 
bars indicate s.d. b—b”, Large patches of control (wild type (WT), b) and 
mutant (NF-YC, b’) R cells. WT R7s target exclusively to M6 (11 brains, 895 
R7 neurons; b, b”), whereas NF-YC mutant axons target to M3 (77.7 + 6.7%, 
8 brains, 1,148 R7s; b’, b”). The mis-targeting phenotype was rescued by the 
expression of NF-YC cDNA (2.0 + 1.4%, 6 brains, 1,076 R7s; b”). c—c", All 
WT R7s targeted to M6 (9 brains, 812 R7s; ¢, c”), whereas isolated mutant 
R7s (16.8 + 10.5%, 10 brains, 807 R7s; c’, c”) targeted to M3. d-g, Targeting 
of WT and NF-YC mutant R7s at different developmental stages (green). At 
30% APF, both WT (d) and mutant (e) R7s target correctly to their 
temporary layer. At 70% APF, WT R7s (f) target to the M6 layer. Mutant R7s 
(g) terminate in M3. Scale bar, 10 um. 
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terminated in M3, the same layer as wild-type R8 axons (Fig. 1b’, b”). 
This phenotype was fully rescued by an NF- YC complementary DNA 
(Fig. 1b”). In contrast with the marked effect of NF-YC mutations on 
R7, targeting of R8 to the M3 layer and targeting of R1—-R6 to the 
lamina were unaffected (Supplementary Fig. 2). 

To assess whether NF-YCis required in a cell-autonomous fashion 
in R7 neurons, we generated mosaic flies in which a fraction of R7 
neurons was rendered mutant and labelled with green fluorescent 
protein (GFP), whereas the remaining R7 neurons and all the R8 
neurons were wild-type and unlabelled (Fig. Ic, c’). We observed 
that about 17% of the mutant R7 neurons (n= 144 of 807) mis- 
targeted to M3 (Fig. 1c’, c”). The decrease in penetrance of the 
phenotype, in comparison with mutant R7 neurons generated by 
mitotic recombination induced earlier in the eye primordium (com- 
pare Fig. 1b” with Fig. 1c”), probably reflects perdurance of NF-YC 
protein present in precursor cells. NF-YCis therefore required auton- 
omously for R7 targeting but not for the targeting of other classes of 
photoreceptor neurons. As NF-YC is expressed in all R cells 
(Supplementary Fig. 3), NF-YC must function in combination with 
other factors or signals selectively activating NF-YC function in R7. 
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Figure 2 | Mis-expression of Sens in NF-YC mutant R7s is necessary and 
sufficient for the R7 mis-targeting phenotype. a, a’, Diagrams of R-cell 
recruitment to the ommatidium in the eye disc. a, Eye disc viewed from 
above the epithelium. R-cell clusters form as a wave of differentiation moves 
from posterior (post.) to anterior (ant.) with specific R cells joining the 
cluster at different times (that is, correlating with the distance from row 0, 
morphogenetic furrow (MF)). Red, R8 nuclei; blue, R7 nuclei; white, 
undifferentiated cells; light blue, RI-R6. During development, clusters 
rotate by 90°. a’, Cross-section along the apicobasal axis of the disc. b—c", WT 
(b—b”) and NF-YC mutant (c—c”) eye discs stained for Sens (red) and Pros 
(blue). b—b’, In WT, Sens is expressed in two or three precursor cells before 
becoming restricted to a single R8 (arrow, b). Pros expression in R7 begins as 
R7 differentiation commences (about row 8). Pros is expressed at later stages 
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Given that NF-YC is part ofa transcription factor complex” and is 
expressed in the nucleus of R7 neurons, it is likely that the change in 
targeting specificity reflects a change in gene expression. Wild-type 
R7 neurons initially target to the temporary R7 layer in the medulla 
and then, during mid-pupal development, extend to their final target 
layer". Targeting of NF-YC mutant R7 neurons to the temporary 
layer is indistinguishable from the wild type (Fig. 1d, e). Extension 
to the final target layer at 70% after puparium formation (APF) is 
frequently disrupted, with many R7 neurons terminating in the layer 
within which R8 terminates (Fig. 1f, g). Consistent with this finding 
was our observation that NF-YC mutant R7 neurons expressed all 
five early R7 markers tested in wild-type patterns (Table 1). We 
reasoned, then, that NF-YC might repress a subset of R8-specific 
genes in the R7 neuron that later in development control final target 
layer selection. Indeed, the R8-specific transcription factor Sens was 
expressed ectopically in NF-YC mutant R7 neurons (Table 1 and 
Fig. 2). 

sens is a key regulator of R8 development”. In wild-type larval eye 
discs, Sens is expressed in two or three cells that have the potential to 
become R8 before becoming restricted to a single differentiating R8 
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in non-neuronal cells. Cross-sections are shown in b’ and b”. c—c”, NF-YC 
mutant R7s express Pros like WT R7s. Sens is detected in mutant R7s 10-12 
rows after R7 differentiation (arrowhead, c). R8s express Sens in a WT 
pattern (arrow). Co-expression of Sens and Pros in mutant R7s is seen at row 

0 (c”), but not at row 10 (e’). Scale bar, 10 pm. d-f’, WT (d-d”), mutant 
(e-e”), and mosaic (f-f”) retinas at 40% APF stained for Sens (red) and Pros 
(blue). Arrowheads, R7s. d—d’, WT R8s express Sens, whereas WT R7s 
express Pros. e-e”, NF-YC mutant R7s also express Sens (e”). f-f’, In 
mosaics, single NF-YC mutant R7s (arrowhead, f”) mis-express Sens. Scale 
bar, 10 jum. g, h, Sens is necessary (g) and sufficient (h) for R7 targeting to 
M3 in NF-YC mutants. Error bars indicate s.d. g, Mis-targeting of NF-YC 
sens double-mutant R7s (0.2 + 1.0%) and NF-YC control (24.1 + 10.5%). 
h, Mis-targeting of WT R7s mis-expressing Sens (25.1 + 5.7%). 
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Table 1| Marker expression in NF-YC mutant eye discs 
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Markers Name 


Wild-type R8& NF-YC R8 Wild-type R7 


H214 (Klingon)* 
PM181-GAL4 (Sevenless)+ 
Prosperot 
Deadpan-LacZt 
Runtt 

Atonalt 

Bosst 

BBO2* 

RO-156* 

109-68 (Scabrous)* 
Senselesst 


R7 markers 


R7 & R8 markers 
R8 markers 


Markers were analysed by using enhancer trap lines (*), promoter fusion (+) or antibodies (4). 


neuron” (Fig. 2a—b”). Sens remains expressed in R8 into the adult®’ 
(see Supplementary Fig. 6b). It is required at a very early stage of eye 
development to regulate R8 specification” and, much later during 
pupal development and in the adult, to regulate the transcription of 
R8-specific rhodopsins directly’. In NF-YC mutant larval eye discs, 
Sens expression in R8 begins before overt R8 differentiation as in the 
wild type. By contrast, Sens mis-expression in mutant R7 neurons 
(Fig. 2c) was first observed 15—20h after the onset of differentiation 
as assessed by the expression of the R7-specific marker pros (Table 1, 
and compare Fig. 2c’ with Fig. 2c”). Expression of Sens in mutant R7 
neurons persists throughout pupal development (Fig. 2d—e”) and 
into the adult (see Supplementary Fig. 6d) and is cell-autonomous 
(Fig. 2ff"). As Sens mis-expression occurs after the onset of R7 
differentiation and NF-YC mutant R7 neurons mis-target to the 
M3 layer during the late phase of R7 targeting, sens may promote 
an R8 targeting program that is distinct from the role of sens in cell 
fate earlier in development. 

Ifupregulation of Sens in NF- YC mutant R7 neurons is responsible 
for targeting to the M3 layer, removal of Sens from NF-YC mutant 
cells should suppress the targeting defect. To test this, we induced 
mitotic recombination on two different chromosomes (namely chro- 
mosomes X and 3) to generate R7 neurons that were simultaneously 
mutant for both NF-YCand sens, and we assessed their targeting in an 
otherwise wild-type background (Supplementary Fig. 4a). Removing 
sens from NF-YC mutant R7 neurons completely suppressed the mis- 
targeting phenotype (Fig. 2g). Thus, during wild-type development 
the NF-YC mediated repression of sens in R7 is necessary to prevent 
inappropriate targeting to M3. 

To test whether Sens is sufficient to implement an R8 targeting 
program, we mis-expressed sens in R7 neurons (Supplementary Fig. 
4b; see Methods). Under these conditions about 25% (n= 104 of 
418) of the R7 neurons were redirected to the M3 layer, thus pheno- 
copying NF-YC loss-of-function mutations (Fig. 2h). Additional 
experiments using the method’ in which Sens was provided con- 
ditionally early in development to promote R8 cell fate, but removed 
later, support the view that Sens functions at later stages of R8 
development to promote targeting (Supplementary Fig. 5). Taken 
together, these data raise the possibility that Sens could directly con- 
trol the expression of cell-surface proteins regulating R8 target spe- 
cificity. 

Caps is the only cell-surface molecule that has been shown to be 
both specifically expressed in the R8 neuron and required for R8 
targeting’* and it is therefore an excellent candidate for direct regu- 
lation by Sens. Indeed, like Sens, Caps is expressed ectopically in R7 in 
NF-YC mutants (Fig. 3a—f). Expression of Caps, as detected with an 
enhancer trap, is specifically activated in NF-YC mutant R7 neurons 
about 9 h after the onset of Sens expression. Furthermore, a previous 
study’* showed that ectopic expression of Caps in R7 respecified their 
connections to the R8 layer. Both NF-YC mutant R7 neurons and R7 
neurons mis-expressing Caps initially target correctly but then select 
the inappropriate M3 layer during mid-pupal development. Taken 
together, these observations indicate that caps could be a downstream 
target of Sens. 


Examination of the DNA sequences 1 kilobase upstream of caps 
and within the first large intron led to the identification of four and 
three putative Sens-binding sites, respectively. We identified an 


N 
°° 
o 

a 
Q 
fos 
oy 
° 
7) 
i= 
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g caps probe 
D.mel 433 GGAGATAGGAGTAATGGAAAATCAAAGATTTTCTT 478 
D.sec 409 AGAGATAGGACTAATGGAAAATCAAAGA' Cc 454 
D.yak 454 GGAGATAGCACTAATGGAAAATGCAAGA' cc 499 
D.ere 455 GGAGATAGCACTAATGGAAAATGCAAGA G 500 
D.sim 408 AGAGATTGGACTAATGGAAAATCAAAGA' Cc 453 
D. vir 541 ATTTTCAACTCTAATGGAAAATCAA AAAGCGC 586 
D.per 921 TTTTCCAACTCTAATGGAAAATCAA’ AAAGCCC 966 

wk ** 
h i 
Probe capsT 
Na i 

Protein a a AS s 


Probe eo i ie 


& Sey oe oC i, Sey oe oe Protein Vector Sens 
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Figure 3 | Sens regulates caps expression. a—f, WT (a—c) and NF-YC 
mutant (d-f) eye discs carrying caps-lacZ, stained for Sens (red) and LacZ 
(green). a—c, In WT, R8s express LacZ (¢, arrowhead). d-f, In NF-YC 
mutant, LacZ is also detected in R7s (f, arrowheads). Arrows indicate LacZ, 
expression in non-neuronal cone cells both in WT (c) and in NF-YC mutant 
tissue (f). Original magnification, x40 (a-f). g, Alignment showing 
conservation (grey) of Sens-binding site (box) in caps. In closely related 
species there is another predicted Sens-binding site (core sequence, red). 
Line, caps probe in h and i. Asterisk, AA—>CC nucleotide change in the 
mutant probe. D.mel, Drosophila melanogaster; D.sec, Drosophila sechellia; 
D.yak, Drosophila yakuba; D.ere, Drosophila erecta; D.sim, Drosophila 
simulans; D.vir, Drosophila virilis; D.per, Drosophila persimilis. h, i, Sens 
binds to predicted Sens sites on caps probe. h, Gel-shift assay with WT caps 
probe and either ‘vector’ control or Sens protein. cc, 50 unlabelled 
competitor probes added as indicated. caps", caps probe; ac", achaete 
probe”? (positive control); caps™™ and ac™,, caps and ac probes with Sens- 
binding sites mutated. i, Gel-shift assay with WT or mutant caps probes. 
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evolutionarily conserved Sens-binding site 500 base pairs upstream of 
the caps transcriptional start site (Fig. 3g; see Supplementary 
Methods). Sens protein binds specifically to this site in gel-shift assays, 
making it likely that capsis a direct target of Sens (Fig. 3h, i). However, 
Sens must regulate R8 target specificity by controlling the expression 
of other genes in addition to caps, because loss of caps does not 
suppress the NF-YC mutant phenotype (NF-YC caps 20.3 + 11.0%, 
23 brains, 441 R7 neurons; NF-YC 24.1 + 10.5%, 15 brains, 281 R7 
neurons; means ~ s.d.). This is consistent with the finding that loss of 
caps, in an otherwise wild-type background, results in targeting defects 
in about 50% of the R8 neurons’. Together, these data suggest that 
Sens directly regulates the expression of Caps, a cell-surface protein 
controlling R8 target specificity, and must also regulate the expression 
of other genes involved in this process. 

Specific repression of sens in R7 neurons could arise through inter- 
actions between NF-YC and the R7-specific transcription factor Pros. 
Like NF-YC, Pros is also required for R7 target specificity**”’. It is 
expressed in R7 from an early stage of its development through to the 
adult* in a similar fashion to Sens expression in R8. About 20% of 
the pros-null mutant R7 neurons terminate in M3 (Fig. 4a). Two lines 
of evidence support the view that Pros works in parallel with NF-YC: 
first, the loss of prosin R7 neurons does not lead to ectopic expression 
of Sens (Fig. 4b, c), and second, the frequency of mis-targeting R7 
axons in single pros-null mutant cells is markedly increased by 
removing NF-YC (Fig. 4a; see Methods). Thus, Pros could either 
promote R7 targeting directly or, like NF-YC, act to repress an R8 
targeting program, or both. 

Thus, R7 targeting requires NF-YC and, in parallel, Pros, whereas 
R8 targeting relies on Sens-dependent regulation of caps and other 
genes. Mutations in many other genes required for R7 targeting cause 
R7 neurons to mis-target to the M3 layer specifically rather than 


ey3.5FLP GMRFLP. 


: A | 
os 2 3 4 5 6 


1. Wild type (n = 6 brains, R7s = 541) 

2. pros (n =7 brains, R7s = 959) 

3. Wild type (n = 5 brains, R7s = 455) 

4. pros (n = 9 brains, R7s = 716) 

5. NF-YC (n = 29 brains, R7s = 386) 

6. NF-YC pros (n = 20 brains, R7s = 225) 
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Figure 4 | Pros and NF-YC regulate R7 targeting in parallel pathways. 

a, pros and NF-YC pros R7 phenotypes in large (ey3.5FLP) and isolated 
(GMRELP) patches of mutant tissue. WT R7s target to M6 (1, 3), whereas 
pros R7s mis-target to M3 (2, 17.1 + 4%; 4, 21.8 + 9.9%). NF-YC pros R7s 
have a more severe mis-targeting phenotype (6, 57.2 + 12.4%; NFYC 
control, 5, 15.9 + 10.2%). Error bars indicate s.d. b, c, A 40% APF retina with 
large patches of pros mutant cells (green) stained for Sens (red). R8s express 
Sens; pros mutant R7s do not mis-express Sens. Scale bar, 10 jum. d, Summary 
of the genetic control of layer specificity and rhodopsin expression in R8 and 
R7 neurons. 
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terminating promiscuously in the medulla. This underscores a tight 
inter-relationship between the mechanisms regulating targeting to 
these two layers. On the basis of the strong M3 mis-targeting pheno- 
type of NF-YC mutant R7 neurons and complete suppression of the 
phenotype by the removal of sens, a key mechanism regulating R7 
layer specificity is repression of an R8 targeting program. More gene- 
rally, repression of inappropriate pathways may promote differential 
targeting in closely related neurons”. 

The roles of Pros and Sens in target layer selection are analogous to 
their function in controlling the expression of R7-specific and R8- 
specific rhodopsins. R7 and R8 neurons express different rhodopsins 
and hence detect different wavelengths of light. In R8, Sens directly 
represses the transcription of R7 rhodopsins and directly activates the 
transcription of an R8 rhodopsin’. In the R7 neuron, Pros binds to an 
upstream regulatory sequence in the R8 rhodopsin genes and 
represses their expression’”*. NF-YC mutant R7 neurons no longer 
express R7 rhodopsins, and all express R8_ rhodopsins 
(Supplementary Fig. 6). This is consistent with the finding that 
NF-YC mutant R7 neurons in adults express Sens but no longer 
express Pros. Thus, transcription of both R8-specific rhodopsins 
and, as we have shown here, an R8-specific targeting protein Caps 
is directly regulated by Sens (Fig. 4d). 

These observations suggest a simple solution to the mechanisms by 
which sensory neurons connect to the neural circuits specialized for 
the reception of different sensory stimuli (for example, different 
wavelengths of light or different odours). Although the molecular 
basis of this coupling is understood in considerable detail for verte- 
brate olfactory neurons, in which odorant receptors have a direct 
function in controlling target specificity”, little is known about the 
coupling in other sensory systems. Coupling is likely to be regulated 
in a different fashion in other neurons, because even in the fly olfac- 
tory system, for example, targeting is independent of sensory receptor 
expression”*. On the basis of our studies on Sens we propose that the 
same transcription factors directly control both rhodopsin expression 
and the cell-surface proteins that control target layer specificity. More 
generally, we speculate that in many sensory neurons a common set of 
transcription factors may directly control, and thereby coordinate, the 
expression of cell-surface proteins regulating target specificity and the 
receptors detecting specific sensory stimuli. 


METHODS SUMMARY 


To generate NF-YC or pros mutant R7s, we used the MARCM (mosaic analysis 
with a repressible cell marker) technique as described previously'®. To generate 
R7 mosaics (that is, mutant R7 neurons surrounded by wild-type cells) GMR- 
FLP was used as a source of recombinase. For larger patches of mutant tissue in 
the eye, including R7 neurons (eye mosaics), the ey3.5-FLP construct was used. A 
similar version of the MARCM technique with GMR-FLP was used to generate 
double-mutant R7 neurons. Mutant R7 neurons were marked only when flip- 
ping occurred on both chromosomes X and 3. GMR-FLP was used with MARCM 
to generate R7 neurons expressing Sens (UAS-sens), in addition to the inducible 
marker. For assessing expression of R7 and R8 markers, hemizygous NF-YC” 
mutant third-instar eye discs and late pupae were analysed. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


The stocks used to assess the targeting of NF-YC mutant R7 neurons in large 
clones were ey3.5-FLP, tubP-GAL80, FRT19; act-GAL4, UAS-lacZ/CyO and NF- 
YC”, FRT19/FM7, Kr-GFP. To assess whether NF-YC was autonomously 
required in R7 neurons we used GMR-FLP, which induces mitotic recombina- 
tion in R7, but not R8 cell precursors. The stocks used were GMR-FLP, tubP- 
GAL80, FRT19; act-GAL4, UAS-syt-GFP/CyO and NF-YC*, FRT19/FM7, Kr- 
GFP. FRT19/FRT19 was used as a control. Because NF-YC”’ mutant animals die 
before eclosion, analysis of R7 and R8 markers was performed on hemizygous 
mutant NF-YC* FRT19/Y and wild-type FRT19 eye discs and pupal retinas. To 
assess the possibility that mis-expression of sens in R7 clones was autonomous we 
used the same stocks used to assess the NF-YC requirement in R7. The stocks 
used to generate flies with R7 neurons double mutant for NF-YCand sens or NF- 
YC and caps were NF-YC*°, FRT19/FM7, Kr-GFP; +; sens"', FRT79/TM6B or 


nature 


NF-YC“°, FRT19/FM7, Kr-GEP; +; caps“'*®, FRT79/ TM6B crossed to GMRELP, 
tubP-GAL80, FRT 19; act-GAL4, UAS-syt-GFP/CyO; tubP-GAL80, FRT79/ TM6B. 
A similar scheme was used to generate single R7 neurons mutant for both NF-YC 
and pros (FRT82B, pros’”’’). As a control, to generate animals with R7 neurons 
mutant for NF-YC only, NF-YC”, FRT19/FM7, Kr-GFP; +; FRT79 or FRT82B 
flies were crossed to GMRFLP, tubP-GAL80, FRT19; act-GAL4, UAS-syt-GFP/ 
CyO; tubP-GAL80, FRT79 or tubP-GAL80 FRT82B/TM6B. The stocks used to 
mis-express sens in clones of wild-type R7 neurons were FRT40/FRT40; UAS- 
sens-?/ TM6B and GMR-FLP, tubP-GAL80, FRT40/ CyO; tub-GAL4, UAS-Nsyb- 
GFP/TM6B. Similar results were obtained with independent insertions on chro- 
mosomes X (UAS-sens“) and 3 (UAS-sens™). We confirmed that wild-type R7 
neurons mis-expressing sens also expressed the R7-specific marker Pros at 40% 
APF. As a control we generated clones of wild-type R7 neurons by crossing 
FRT40/FRT40 to GMR-FLP, tubP-GAL80, FRT40/CyO; tub-GAL4, UAS-Nsyb- 
GFP/ TMG6B. 
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Temporal identity in axonal target layer recognition 


Milan Petrovic! & Thomas Hummel! 


The segregation of axon and dendrite projections into distinct syn- 
aptic layers is a fundamental principle of nervous system organiza- 
tion and the structural basis for information processing in the 
brain’. Layer-specific recognition molecules that allow projecting 
neurons to stabilize transient contacts and initiate synapto- 
genesis** have been identified. However, most of the neuronal 
cell-surface molecules critical for layer organization are expressed 
broadly in the developing nervous system*”, raising the question of 
how these so-called permissive adhesion molecules support syna- 
ptic specificity. Here we show that the temporal expression 
dynamics of the zinc-finger protein sequoia is the major determi- 
nant of Drosophila photoreceptor connectivity into distinct 
synaptic layers. Neighbouring R8 and R7 photoreceptors show con- 
secutive peaks of elevated sequoia expression, which correspond to 
their sequential target-layer innervation. Loss of sequoia in R7 leads 
to a projection switch into the R8 recipient layer, whereas a pro- 
longed expression in R8 induces a redirection of their axons into the 
R7 layer. The sequoia-induced axon targeting is mediated through 
the ubiquitously expressed Cadherin-N cell adhesion molecule. Our 
data support a model in which recognition specificity during syna- 
ptic layer formation is generated through a temporally restricted 
axonal competence to respond to broadly expressed adhesion mole- 
cules. Because developing neurons innervating the same target area 
often project in a distinct, birth-order-dependent sequence, tem- 
poral identity seems to contain crucial information in generating 
not only cell type diversity during neuronal division® but also con- 
nection diversity of projecting neurons. 

In the Drosophila compound eye, each ommatidium contains eight 
photoreceptor neurons (RI-R8) that form synapses in distinct optic 
lobe ganglia, the peripheral lamina and the deeper medulla’ (Fig. 1a). 
Axons of the colour-sensitive R8 and R7 cells project into the medulla 
and segregate into two out of ten synaptic layers, M3 and M6 respec- 
tively (Fig. la—c, f). In a mosaic screen for genes that control R8/R7 
target layer selection we identified mutants of sequoia (seq’ and seq°) 
with a frequent loss of R-cell innervation in M3 and M6 (100% of the 
analysed adult brains, n> 40 for each mutant; Supplementary Fig. Ic, 
d). Using the MARCM (mosaic analysis with a repressible cell marker) 
technique’ for the selective labelling of homozygous mutant R8 and R7 
cell axons, we found that more than 90% of seq mutant R7 cells ter- 
minate their axon projections in the outer M1—M3 layers (n> 180), 
correlating with an innervation gap in the M6 layer of the same medulla 
column (Fig. 1d, g). Similarly, seq mutant R8 axons frequently (87%, 
n> 150) stop above their prospective M3 target layer (Fig. 1g). The 
analysis of different R8/R7 genetic mosaics (Supplementary Fig. 2) 
showed that wild-type R8/R7 axons are not influenced by a seq mutant 
neighbour axon of the same medulla column, suggesting independent 
target recognition by these two R cells. 

sequoia encodes a nuclear protein with two putative zinc-finger 
domains related to the DNA-binding domain of Tramtrack’. In the 
visual system, the four independently isolated sequoia alleles seq’, seq°, 
seq” and seq™"'*”* lead to indistinguishable R8/R7 axon-targeting 
phenotypes (Supplementary Fig. 1c-f). No expression could be 
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Figure 1| Mutations in sequoia disrupt synaptic-layer selection of R8 and 
R7 axons. a, Schematic representation of Drosophila R cell projections from 
the adult retina into the lamina (La, RI-R6) and medulla (R8/R7) optic 
ganglia; more central optic ganglia are the lobula (Lo) and the lobula plate 
(Lp). b, The medulla neuropil is organized into vertical layers and horizontal 
columns. R8 and R7 of an ommatidium project their axons into the same 
medulla column but synapse in different medulla layers (M3 and M6, 
respectively). ¢, f, Projection of wild-type R7 and R8 axons, in ey3.5-Flp- 
induced, green fluorescent protein (GFP)-labelled MARCM clones, into the 
Mé6and M3 synaptic layer, respectively (c’, f’, magnified details ofc, f).d, g, In 
seq mosaics, mutant R7 cells switch from the M6 to the M3 layer (asterisks in 
d’) and mutant R8 cells terminate above the M3 layer (asterisks in g’). e, Loss 
of seq in a single R7 cell leads to the co-projection of their axon with the 
neighbouring wild-type R8 cell in M3 (e’, magnification of 

e). h, i, Development of the seq mutant axon-targeting defect (h, wild type; 
i, sequoia). Ingrowing seq mutant R7 axons terminate in the R8 recipient 
layer and subsequently become stabilized (40h after puparium formation). 
Protein labelling in micrographs: anti-GFP (green) for homozygous cells in 
genetic mosaics, anti-Chaoptin (red) for R8/R7 axons, anti-Cadherin-N 
(blue) for medulla neuropil. Scale bars, 20 pum. j, Quantification of R8/R7 
synaptic layer defects in R8/R7-specific and R7-specific seq mosaics. 
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detected in homozygous seq’ and seq® mutant R cells with an anti- 
sequoia monoclonal antibody (Supplementary Fig. 4) and the R7 
targeting defects could be rescued after the expression of a sequoia 
transgene in the mutant cells (Supplementary Fig. 3a). To determine 
whether sequoia functions cell-autonomously in R cells to control 
axon target selection, we induced R7 cell-type-specific MARCM 
clones’. Almost all (98%, n = 46) of the single homozygous mutant 
R7 terminals surrounded by heterozygous R8 and R7 axons stop pre- 
maturely in M3 (Fig. 1b, e, i, j). Because the loss of sequoia does not 
lead to changes in early R8 and R7 specification (Supplementary Fig. 
4) or their subsequent projection towards their optic lobe ganglion 
(Supplementary Fig. 5), we conclude that sequoia is required for R8/ 
R7 axons to connect to their synaptic target layer. 

The sequoia targeting phenotype becomes obvious during early 
pupal development when the R8 and R7 axons terminate sequentially 
into two separate medulla layers (Fig. lh, i, and Supplementary 
Fig. 6). In contrast to the adult brain, the medulla target field during 
initial R8/R7 ingrowth appears more homogeneous (Fig. 2d, e) and 
distinct layer organization becomes visible in the subsequent segrega- 
tion of lamina and medulla neuron processes”'® (M.P., unpublished 
observations). seq mutant R8 and R7 axons reach the medulla target 
area at the appropriate time and in the correct topographic order, but 
gaps in the initial R7 layer can be detected; this is due to the termination 
of R7 axons in the R8 layer (Supplementary Fig. 6a, b, e, f). Similarly to 
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Figure 2 | Transient expression of sequoia in projecting R cells. 

a-f, Sequential R8/R7 differentiation in the eye disc (a—c) and their axonal 
projections into the medulla (d, e), shown schematically in c. a, At the eye 
disc region of initial neuronal differentiation, sequoia (green) is strongly 
expressed in R8 cells (senseless-positive, red). In more mature ommatidia, 
R7 cells start to differentiate and to express sequoia (prospero-positive, 
blue). b, Lateral view of projecting R8/R7 cells showing that the initial 
sequoia expression in R8 is lost by the time that R7 shows a peak of sequoia 
expression. d, Gradual development of medulla with sequential R8/R7 
innervation in the young medulla region, and formation of additional 
medulla layer in older medulla parts (medulla neurons in green). e, Distinct 
phases of R8 and R7 axon ingrowth and separation (R8 in red, R7 in green). 
f, Correlation of the sequoia expression profiles in R8/R7 and their 
corresponding phases of axon targeting in the medulla. a and b show a third- 
instar eye disc; d and e show the medulla at 24h after puparium formation. 
Error bars in f represent s.d. 
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the R7 projection defect in the adult visual system, the mis-targeting of 
R7 into the R8 layer during the pupal stage seems to be due to the 
disruption of seq function directly in R7 and is not influenced by 
defects in R8 (Fig. 1h, i, and Supplementary Fig. 6c, f). 

The expression pattern of sequoia is highly dynamic in early 
differentiating R8/R7 cells during the phase of axonal growth and 
medulla innervation (Fig. 2a, b, f, and Supplementary Fig. 7). The 
onset of sequoia expression in R cells reflects their sequential birth 
and differentiation order. As a result of the temporal gap in neuronal 
differentiation between R8 and R7 from the same ommatidium", 
together with a rapid downregulation of sequoia, the periods of ele- 
vated sequoia expression in these two R cells are non-overlapping. By 
the time the R7 cell initiates axonal projection accompanied by a high 
expression level of sequoia, the axon of the neighbouring R8 cell has 
already reached the medulla, and sequoia expression has been turned 
off (Fig. 2a, b). We therefore observed a tight correlation between the 
R-cell-specific sequoia expression profile and the sequential R8/R7 
medulla target layer innervation (Fig. 2e, f). 

The fact that sequoia is expressed in both R8 and R7, but the loss of 
sequoia leads to specific R8/R7 axon-targeting defects, raises the 
possibility that connection specificity is mediated through the differ- 
ence in the temporal pattern of sequoia expression. To test the import- 
ance of precise sequoia expression timing, we first synchronized the R8/ 
R7 sequoia expression profiles (Fig. 3). Similarly to the seq loss of 
function situation, constitutive seq expression in all R cells does not 
lead to changes in the cell fate of R8 or R7 (Supplementary Fig. 8a, b) or 
their initial axonal projection towards the medulla (Supplementary Fig. 
9). However, whereas in wild-type individuals R8/R7 growth cones 
transform their morphology over subsequent hours from an ‘expanded’ 
to a ‘condensed’ appearance (Fig. 3a—c), growth cones of R8/R7 cells 
with a prolonged sequoia expression remain in the ‘expanded’ state and 
R8 axons extend towards and terminate precisely in the R7 layer 
(Fig. 3d-f). The co-innervation of R8 and R7 axons is maintained 
during the subsequent steps of medulla reorganization’, because a 
single R8/R7 layer in M6 can be detected in the medulla of adult flies 
(Supplementary Fig. 10a, b). These data indicate that the downregula- 
tion of sequoia expression in R8 cells is critical for their growth cones to 
become stabilized in their initial target layer. Prolonged sequoia express- 
ion specifically in R8 or R7 (Supplementary Fig. 10c, d) and the sequoia 
overexpression in R8 in an R7 deficient-background (Fig. 3g, h, and 
Supplementary Fig. 10e, f) and in single R7 cells (Supplementary Fig. 3) 
support the model in which the endogenous level of sequoia determines 
the competence of ingrowing R-cell axons to connect to their appro- 
priate target layer (Fig. 3i). 

To obtain insights into the molecular mechanisms through which 
R8/R7 axon targeting competence is mediated, we tested whether the 
loss of sequoia leads to changes in the expression of neuronal cell 
adhesion/receptor molecules (Fig. 4 and Supplementary Fig. 11). A 
significant decrease in the expression levels of the receptor protein 
tyrosine phosphatase Lar (leukocyte-antigen-related-like) (Supple- 
mentary Fig. lla) and the homophilic cell adhesion molecule 
Cadherin-N (CadN) (Fig. 4a, b) was found in sequoia mutant R cells. 
Although CadN is the only factor known so far to be essential for the 
initial R8/R7 axon targeting, its widespread expression in R cells and 
in the target region has made it unlikely that homophilic CadN 
interactions alone are sufficient to specify R8/R7 target choice”. 
We therefore examined whether the sequoia targeting mechanism 
would allow CadN to provide spatio-temporal specificity in initial 
axon-target adhesion. Loss of CadN and sequoia leads to an identical 
early termination of R7 axons in the outer medulla layer and later co- 
innervation of R7 and R8 in the adult M3 layer (Fig. 4c). After the 
removal of CadN from sequoia-overexpressing R8/R7 cells, a com- 
plete suppression of the M3-—>M6 layer switch can be observed 
because all brains show the characteristic M6—>M3 layer switch of 
CadN mutant R7 axons (Fig. 4d, e). This result indicates that the 
sequoia-mediated axon targeting functions through CadN. However, 
the sequoia-induced M3—>M6 layer switch is not caused simply by an 
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Figure 3 | Temporal control of R8/R7 axon targeting by sequoia. 

a-c, Control sequence showing transition of R8/R7 growth cones from an 
expanded morphology during initial medulla innervation (a) through an 
intermediate appearance (b) to a condensed appearance after axon—target 
stabilization (c). a, 18 h after puparium formation (APF); b, 30h APF; ¢, 42h 
APF. d-f, Synchronization of the sequoia R8/R7 expression profiles leads to a 
co-convergence of their axons in the R7 layer; d, 18 h APF; e, 30 h APF; f, 42 h 
APF. g, In R7-cell-deficient (sevenless) mutants, R8 axons connect to the M3 
layer, whereas the M6 layer remains empty. h, Prolonged sequoia expression 
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in R8 cells in a sevenless background induces an M3-—>M6 layer switch. 
Labelling in micrographs: R8/R7 axons are revealed with GMR-myr—GFP 
(GMR, glass multiple reporter) (green) (a—f); in d’-f’ R8 are also labelled 
with ato-t-myc (red); in g, h R8 are labelled with anti-Chaoptin (green). 
Magnifications are X 3. i, Schematic illustration of the R8/R7 expression 
profiles and the corresponding axon-targeting phenotype in wild-type (top 
row), synchronized sequoia expression in R8/R7 (middle row) and 
prolonged sequoia expression in R8 (bottom row). 
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Figure 4 | sequoia-induced temporal targeting competence is mediated via 
Cadherin-N. a, b, Loss of sequoia leads to reduced expression of Cadherin-N 
in R cells; top view (a) and lateral view (b). Ubi, Ubiquitin; HRP, horseradish 
peroxidase. c—e, sequoia-controlled target-layer innervation requires 
Cadherin-N. ¢, Mutations in Cadherin-N (CadN) lead to an M6—>M3 switch 
in R7 axon targeting. d, sequoia-induced M3—>M6 switch in R8 targeting. 
e, Loss of Cadherin-N suppresses the sequoia-induced M3—>M6 switch in R8 
targeting. Magnifications are <3 (c) and <4 (c-e). f, “Temporal targeting 


802 


R7 layer 


competence’ model of R8/R7 axon layer selection. When the first R8 axons 
enter the medulla target field they possess a greater targeting competence, 

allowing them to recognize the primary target layer. This initial recognition 
is mediated through a direct adhesive interaction through Cadherin-N. By 
the time that the R7 axon reaches the corresponding medulla column, the 

target area has developed an additional target layer, which will be recognized 
by R7, again using Cadherin-N as an adhesive cue. R8 is no longer competent 
to respond to the newly arising target layer. 
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increase in CadN adhesion, because overexpression of CadN does not 
affect the R8/R7 projections into the medulla (data not shown) and 
the overexpression of sequoia does not lead to a significant increase in 
the level of CadN in R cells (Supplementary Fig. 8c). From these data 
we conclude that homophilic CadN interactions are sequentially used 
in R8 and R7 to mediate the sequoia-regulated axon—target interaction. 
On the basis of these results we propose that initial afferent lami- 
nation in the developing visual system of Drosophila is not controlled 
by the layer-specific expression of recognition molecules but is 
mediated through temporally restricted competence of ingrowing 
axons to interact with the target region (Fig. 4f). Here, permissive 
cell adhesion molecules provide spatio-temporal recognition specifi- 
city in axon-target interaction. Interestingly, Cadherin-N has been 
shown to function in subsequent steps of medulla innervation by 
lamina neurons’’, supporting the idea that the same type of adhesion 
molecule could be used in a repetitive fashion to support sequential 
layer formation. A critical aspect of the specificity of temporal recog- 
nition is the rapid downregulation of the targeting competence after 
the initial axon—target contact to prevent the reactivation of early 
projecting axons during the subsequent steps of innervation. The 
sequoia-mediated axon targeting mechanism controls an essential 
step in the coordinated development between sensory neurons and 
their central nervous system (CNS) target field in the Drosophila 
visual system. Starting with afferent-derived signals inducing early 
target neuron differentiation’>", the sequoia-controlled patterning 
of initial axon innervation ensures the correct R8/R7 positioning for 
subsequent afferent-induced target field organization’® and layer- 
specific molecule expression to stabilize the initial innervation'®. 
Neural progenitors often generate distinct subtypes of neurons in an 
invariant temporal sequence during development®’’. Here we show 
that, similarly to its role in generating cell type diversity during neur- 
onal division, temporal identity is used subsequently to generate con- 
nection diversity in projecting neurons. Mis-expression of sequoia in 
more mature R cells during the later steps of differentiation has no 
effect on axonal projection (see Supplementary Fig. 10g, h), indicating 
that R cells lose their competence to respond to the sequoia-induced 
targeting identity. A narrow developmental window of competence has 
also been described for the temporal identity factors in the embryonic 
and postembryonic nervous system'”'®. Similarly, dynamic expression 
of sequoia can be observed throughout the development of the nervous 
system in Drosophila, and seq mutants show a severe disruption of the 
connectivity pattern in various brain regions (Supplementary Fig. 12, 
and data not shown). In vertebrates, retina development is also char- 
acterized by the sequential generation of distinct cell types followed by 
their assembly into a highly laminated CNS structure. Recent in vivo 
imaging studies in zebrafish have shown that axon—dendrite interac- 
tions occur in a sequential manner and illustrate a transient require- 
ment for some of the cell types during the assembly of laminated retinal 
circuits’”’®. Thus, a sequoia-related control mechanism might be more 
broadly applicable to the development of circuit specificity in the CNS. 


METHODS SUMMARY 

Mosaic analysis. For mosaic analysis of sequoia function in R cells, large clones 
were generated with the ey3.5-Flp construct”', which is specifically expressed in 
the eye disc. Homozygous mutant R8 and R7 cells were labelled with the cell- 
type-specific Gal4 lines Rh6-Gal4 (ref. 22) (R8), PANR7-Gal4 (ref. 23) (R7), 
LGMR-Gal4 (ref. 24) (R8/R7), PM181-Gal4 (ref. 5) (R7, pupal stage), or elav- 
Gal4 (R8/R7), driving the expression of UAS-sybGFP”, or UAS-mCD8GFP*. 
Single homoyzygous R7 cells were generated with GMR-Flp’. For the sequoia 
rescue experiments we introduced LGMR-Gal4 into the GMR-Flp/MARCM sys- 
tem to drive the expression of UAS-seq and UAS-mCD8GEP*. 

Expression analysis. The expression dynamics of sequoia in wild-type R8/R7 
was analysed in confocal image stacks of stained larval eye discs, and relative 
expression levels in consecutive ommatidial rows were determined with the 
Image] software. For synchronization of the sequoia expression levels in R8/R7 
we used the LGMR-Gal4 line to drive sequoia in both cell types, and MT 14-Gal4 
(ref. 26) and PM181-Gal4 (ref. 5) to drive sequoia in R8 and R7, respectively. We 
used tubGal80" (ref. 27) in the genetic scheme to restrict the Gal4-driven sequoia 
overexpression temporally in R8/R7 during development. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Genetics. Fly stocks were maintained in standard medium at 25 °C unless stated 
otherwise. The sequoia alleles seq’ and seq® were identified in a histological 
mosaic screen with the eyFlp/FRT technique? (details of the mutagenesis screen 
are available from the authors). To label photoreceptor axons and synapses in the 
adult optic lobe, the following markers were used: GMR-myr-GFP*, LGMR- 
Gal4 (ref. 24) to label all R cells, PANR7-Gal4 (ref. 23) and Rh6-Gal4 (ref. 22 
in combination with UAS-sybGFP” in MARCM clones for cell-type-specific 
labelling of R7 and R8. The stocks used were as follows: (1) ey3.5-Flp; FRT42 
seq/CyO; (2) ey3.5-Flp; GMR-myr-GFP FRT42 seq/CyO; (3) ey3.5-Flp; GMR- 
myt-GFP FRT42/CyO; (4) FRT42 Gal80; PANR7-Gal4_ UAS-sybGFP; (5 
FRT42 Gal80; Rh6-Gal4 UAS-sybGFP (6) GMR-Flp; FRT42; (7) GMR-FIp; 
FRT42 seq; (8) FRT42 Gal80; LGMR-Gal4 UAS-mCD8GFP. For analysis of 
sequoia expression and function during larval and pupal development following 
stocks were used: (1) FRT42; ro-t-lacZ”; (2) FRT42; ato-t-myc (ref. 30); (3 
GMR-Flp; FRT42 seq UAS-mCD8GEP/CyO; (4) FRT42 Gal80; elav-Gal4 UAS- 
mCD8GEP; (5) FRT42 Gal80; PM181-Gal4. The stocks used for the sequoia 
overexpression studies were as follows: (1) Rh6-EGFP; LGMR-Gal4; (2) UAS- 
seq; Gal80"; (3) sev"; LGMR-Gal4 (ref. 31); (4) FRT42 Gal80; MT 14-Gal4 UAS- 
mCD8GFP*; (6) FRT42 Gal80; PM181-Gal4 UAS-lacZ. Stocks used for the 
Cadherin-N interaction experiments were (1) ey3.5-Flp; FRT42 seq UAS- 
CadN/CyO; (2) ey3.5-Flp; CadN*” FRT40 (ref. 5); (3) Gal80 FRT40; elav-Gal4 
UAS-mCDGEP; (4) ey3.5-Flp; CadN*”? FRT40 UAS-seq/CyO. 
Immunohistology. Primary antibodies used for immunohistochemistry were: 
rabbit anti-sequoia’ (1:1,000 dilution); rat anti-Cadherin-N extracellular 
domain” (DN-Ex no. 8; 1:20; DSHB); rabbit anti-GFP (1:1,000; Molecular 
Probes); mouse anti-Chaoptin®’ (24B10, 1:40; DSHB); rat anti-Elav** (1:10; 
DSHB); mouse anti-Prospero” (1:10; DSHB); guinea pig anti-Senseless*® 
(1:1,000); rat anti-Spalt*” (1:300); mouse anti-DLar*® (1:10; DSHB); mouse 
anti-DPTP69D” (1:10; DSHB); mouse anti-Neuroglian” (1:10; DSHB); mouse 
anti-Fasciclin II (1:10; DSHB); mouse BP102 (1:10; DSHB); and mouse anti- 
Flamingo*! (1:10; DSHB). Secondary antibodies used were as follows (all 1:300, 
all from Invitrogen): goat anti-rabbit Alexa 488, goat anti-mouse Alexa 488, goat 
anti-mouse Alexa 568, goat anti-rat Alexa 568, goat anti-guinea pig Alexa 568, 
goat anti-rabbit Alexa 647 and goat anti-rat Alexa 647. Immunostaining of brains 
of adult flies and pupae were performed essentially as described in ref. 42 with the 
following exceptions: (1) adult brains were fixed in 2% paraformaldehyde (PFA) 
for 90 min, (2) for the dissection of the pupal brains, the pupal cases were opened, 
2% PFA was added, and the brains were allowed to fix for 10 min before further 
dissection in 2% PFA, (3) to avoid cross-reactivity of secondary antibodies in 
mouse anti-Chaoptin and rat anti-Cadherin-N co-stainings, samples were first 
stained with mouse anti-Chaoptin and appropriate secondary antibodies, 
followed by a postfixation in 4% PFA for 30 min and subsequent staining with 
anti-Cadherin-N in accordance with the standard protocol. 

To compare the sequoia expression levels in R8 and R7 during larval develop- 
ment, the mean signal intensity in a defined area was measured for both cells in 
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consecutive ommatidial rows. To correlate the sequoia expression levels with the 
corresponding targeting events we defined the time required by an R cell to reach 
its target layer by comparing the amount of differentiated R7/R8 cells in the eye 
disc with the number of terminals present in the corresponding layer at a given 
time point, considering that the ommatidial rows develop at a rate of 1.5-2.0h 
(ref. 11). Fluorescent samples were analysed with a Zeiss Meta510 confocal 
microscope and images were processed with Adobe Photoshop. 
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Generation of a prostate from a single adult stem cell 


Kevin G. Leong’, Bu-Er Wang’, Leisa Johnson’ & Wei-Qiang Gao’ 


The existence of prostate stem cells (PSCs) was first postulated 
from the observation that normal prostate regeneration can occur 
after repeated cycles of androgen deprivation and replacement in 
rodents’. Given the critical role of PSCs in maintaining prostate 
tissue integrity and their potential involvement in prostate tumor- 
igenesis’, it is important to define specific markers for normal 
PSCs. Several cell-surface markers have been reported to identify 
candidate PSCs, including stem cell antigen-1 (Sca-1, also known 
as Ly6a), CD133 (Prom1) and CD44 (refs 3-10). However, many 
non-PSCs in the mouse prostate also express these markers and 
thus identification of a more defined PSC population remains 
elusive. Here we identify CD117 (c-kit, stem cell factor receptor) 
as a new marker of a rare adult mouse PSC population, and dem- 
onstrate that a single stem cell defined by the phenotype Lin™ 
Sca-1*CD133*CD44*CD117* can generate a prostate after trans- 
plantation in vivo. CD117 expression is predominantly localized to 
the region of the mouse prostate proximal to the urethra and is 
upregulated after castration-induced prostate involution—two 
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characteristics consistent with that of a PSC marker. CD117* 
PSCs can generate functional, secretion-producing prostates when 
transplanted in vivo. Moreover, CD117* PSCs have long-term self- 
renewal capacity, as evidenced by serial isolation and transplanta- 
tion in vivo. Our data establish that single cells in the adult mouse 
prostate with multipotent, self-renewal capacity are defined by a 
Lin” Sca-1*CD133* CD44*CD117* phenotype. 

The mouse prostate consists of four pairs of lobes (dorsal, lateral, 
ventral and anterior lobes) with each divided into three regions rela- 
tive to the urethra (distal, intermediate and proximal regions; 
Fig. 1a)'’. A recent model suggests that the proximal region of pro- 
static ducts may constitute the stem cell niche in the mouse pro- 
state'’*"*. Using this model, we postulated that new PSC markers 
would have greater expression in the proximal region relative to 
the remaining regions of the prostate. We therefore divided wild- 
type prostates into distal, intermediate and proximal regions and 
performed quantitative reverse transcriptase polymerase chain reac- 
tion (qRT-PCR) analysis for stem cell markers. Four cell-surface 
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Figure 1| CD117 is preferentially expressed in the proximal region of the 
mouse prostate. a, Intact prostate from an adult C57BL/6 mouse. Four pairs 
of lobes (dorsal (D), lateral (L), ventral (V) and anterior (A)) are shown (top 
panel). The bottom panel indicates distal, intermediate and proximal 
regions for each prostatic lobe, relative to the urethra. b, qRT-PCR for gene 
expression in the different regions of the adult C57BL/6 prostate, 
normalized to the distal region. Statistical comparisons with distal region: 
*P < 0.05; **P < 0.01; ***P < 0.001. ¢, Immunofluorescent staining for 
CK14 (green) and CD117 (red) in distal and proximal regions of an adult 
C57BL/6 prostate, counterstained with 4,6-diamidino-2-phenylindole 
(DAPI; blue). Arrows indicate CD117* CK14* cells and arrowheads indicate 
CD117*CK14~ cells. Insets show magnified cells. d, Flow cytometric 
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@ 14 days after castration (n = 5) 
@ 14 days after castration + 
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analysis of adult C57BL/6 prostate cells triple-stained with CK14, CK18 and 
CD117, and gated on basal (CK14* CK18_ ) and luminal (CK14- CK18*) 
populations. Green line shows control labelling. Dot plots indicate the 
percentage of basal and luminal cells and histograms indicate the percentage 
of CD117~ cells in each of the basal and luminal populations. 

e, Quantification of relative CD117 expression in the basal and luminal 
compartments determined by flow cytometry; *P = 0.01. f, Microarray 
analysis of gene expression in adult C57BL/6 prostates (normal, 3 days after 
castration, 14 days after castration, and 14 days after castration with 3 days 
of hormone replacement). Data are expressed as the fold change relative to 
normal. Statistical comparisons with hormone replacement: *P < 0.05; 
**P < 0.01; ***P < 0.0001. All bars represent the mean and s.e.m. 
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markers (Sca-1, CD44, CD49b (also known as Itga2) and CD133) all 
of which are known markers of PSCs**, and three intracellular stem- 
cell markers (Bcl2, telomerase reverse transcriptase (Tert) and p63) 
showed preferential expression in the proximal region (Fig. 1b and 
Supplementary Fig. la), thus confirming the validity of this assay. 
The fact that CD44, CD49b, CD 133, Bcl2, Tert and p63 are all pro- 
static basal markers*®*!>'® suggests that basal markers, relative to 
luminal markers, may be expressed at increased levels in the proximal 
region. Consistently, the basal marker cytokeratin 14 (CK14, also 
known as Krt14) but not the luminal marker CK18 (Krt18) showed 
preferential expression in the proximal region (Fig. 1b). These data 
support the previous suggestion that PSCs may constitute a subpo- 
pulation of basal cells*?. 

We next assessed the expression levels of stem cell-surface markers 
that were not previously reported to identify normal PSCs. CD34 and 
CD117, but not CD24, were predominantly expressed in the prox- 
imal region (Fig. 1b). Because CD117 showed greater differential 
expression between the proximal and distal regions compared to 
CD34 (Fig. 1b), we focused on CD117 as a potential PSC marker. 
Immunostaining confirmed a basal CD117* CK14* population with 
a predominantly proximal expression pattern (Fig. 1c). A proximal 
CD117*CK14~ population, however, was also observed (Fig. 1c) 
with subsequent analysis identifying a luminal CD117*CK18~ 
population (Supplementary Fig. 1b). We next performed flow cyto- 
metry with triple labelling for CK14, CK18 and CD117 (Fig. 1d). 
Although CD117* cells were enriched in the basal compartment 
(Fig. le) these findings indicated that CD117°~ cells were not exclu- 
sively localized to either the basal or luminal compartments. 
Moreover, CD117 expression was not confined to a particular pro- 
static lobe. Instead, CD117—along with CD44, CD49b and CD133— 
was expressed in all four pairs of lobes, with prominent expression 
detected in the dorsal prostate (Supplementary Fig. lc, d). CD117 
therefore has an expression profile that is similar to that of known 
PSC markers. 

Although normal PSCs are androgen-independent and survive 
castration, they remain androgen-responsive and effect prostate 
regeneration after hormone replacement’. If normal PSCs expressed 
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Figure 2 | The CD117* population enriches for normal adult prostate stem 
cells. a, Colony forming abilities of CD117~ and CD117* cell populations 
from adult C57BL/6 prostates. The boxed area is shown enlarged in the 
middle right image, and a DAPI-stained confocal image demonstrating 
lumen formation is shown in the bottom right image. Data are from three 
independent experiments; *P < 0.0001. b, Prostate generation capacities of 
UGM only, CD117~ and CD117~ implants 2 months after renal capsule 
implantation. The boxed areas in the top panels are shown enlarged in the 
bottom panels. c, Quantification of graft weight 2 months after renal capsule 
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CD117, we postulated that CD117 expression would increase after 
castration (owing to stem-cell enrichment) and decrease after hor- 
mone replacement (owing to differentiated cell expansion). Indeed, 
CD117, CK14 and CD44, but not CD24, showed this pattern (Fig. 1f 
and Supplementary Fig. le), further indicating that the expression of 
CD117 is compatible with that of a normal PSC marker. 

To provide functional evidence that the CD117* population is 
enriched for PSCs, we prepared CDI117‘’ _ fractions 
(Supplementary Fig. 2) and performed prostate colony formation 
assays in vitro'’. CD117* cells (but not CD117~ cells) gave rise to 
several lumen-containing colonies (Fig. 2a). Although this in vitro 
assay suggests that the CD117* population contains PSCs, the ability 
of CD117* cells to generate prostates in vivo is an essential assess- 
ment of the stem-cell phenotype. Using an in vivo prostate generation 
system'?'* CD117*’~ fractions from C57BL/6 mouse donors were 
combined with rat embryonic urogenital sinus mesenchymal (UGM) 
stromal cells and implanted under the renal capsule of athymic nu/nu 
mouse hosts. Although CD117 cells remained viable under the renal 
capsule (Supplementary Fig. 3), grafts of CD117~ cells were small, 
opaque and similar to grafts of UGM cells alone in their inability to 
generate prostates (prostate generation frequency (pgf) = 1/10; 
Fig. 2b, c). In contrast, CD117~ grafts were large, vascularized and 
translucent (pgf= 10/12; Fig. 2b, c). Histological examination of 
CD117* grafts demonstrated a branching morphology (Fig. 2d) with 
epithelial tubules composed of basal (CK14; Fig. 2e) and luminal 
(CK18; Fig. 2e) cell lineages. Rare neuroendocrine cells—identified 
as solitary synaptophysin (Syp)* cells in the basal compartment of 
wild-type mouse prostates (Supplementary Fig. 4)!"—were observed 
in several prostatic ducts and acini, within the same and across mul- 
tiple implants (Fig. 2f). CD117* grafts also expressed the prostate- 
specific proteins probasin (Pbsn)*° (Fig. 2g) and Nkx3-1 (ref. 21; 
Fig. 2h), indicating functional prostate generation. Using a mouse 
61 integrin (also known as Itgb1)-specific antibody, we verified that 
CD117* grafts were of mouse origin and not due to contaminating 
rat epithelial cells from the UGM stromal cell preparations (Fig. 2i). 
Furthermore, we confirmed that the generated prostates were derived 
from transplanted CD117* donor cells using an MHC class I 


implantation. Data are from five independent experiments. *, CD117~ 
versus CD117_: P= 0.02; CD117~ versus UGM only: P = 0.03. Data are 
mean and s.e.m. d-j, Histological analyses of serial sections of a CD117~ 
graft stained for (d) haematoxylin and eosin (H&E), (e) CK14 (green), CK18 
(red) and DAPI (blue), (f) CK14 (green), Syp (red) and DAPI (blue), (g) Pbsn 
(green), CK18 (red) and DAPI (blue), (h) Nkx3-1 (red) and DAPI (blue), 
(i) B1 integrin (red) and DAPI (blue), (j) H-2k? (red) and DAPI (blue). 
Arrow indicates a Syp* cell. 
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Figure 3 | A single adult stem cell with the phenotype Lin” Sca-1* 
CD133*CD44* CD117* can generate a secretion-producing prostate. 

a, Percentage of viable cells in the adult C57BL/6 prostate expressing single 
and multiple markers of prostate stem cells. b, Quantification of graft weight 
three months after renal capsule implantation. Data are from two 
independent experiments. *, Lin" Sca-1*CD133*CD44*CD117* versus 
Lin” Sca-1~ CD133” CD44” CD117-: P = 0.002; Lin” Sca-1* 
CD133*CD44"CD117" versus Lin Sca-1'CD133*CD44*CD117 : 

P = 0.03; Lin” Sca-1* CD133* CD44*CD117° versus UGM only: P = 0.004. 
c, Image of the single viable Lin” Sca-1* CD133*CD44*CD117~ cell used 
for single cell implant no. 5 (indicated by an arrow). d, Prostate generation 
capacities of UGM only and Lin” Sca-1* CD133*CD44*CD117" single cell 


haplotype H-2k° antibody (Fig. 2j) that specifically recognizes donor 
(C57BL/6) but not host (athymic nu/nu) mouse cells 
(Supplementary Fig. 5). These findings demonstrate that the 
CD117* population is enriched for normal PSCs with functional 
prostate generation capacity. 

To evaluate the self-renewal capacity of CD117* cells—a defining 
characteristic of stem cells**—and to determine whether decreased 
amounts of CD117~ cells would retain prostate generation capacity, 
we performed serial transplantations with successively reduced num- 
bers of CD117* cells (Supplementary Fig. 6a). Secondary and tertiary 
transplants of CD117° cells, but not CD117~ cells, gave rise to func- 
tional prostates comprised of multiple cell types derived from donor 
C57BL/6 mouse cells (Supplementary Fig. 6b—q). These findings 
provide direct evidence that the CD117~ population contains nor- 
mal PSCs with self-renewal capacity. 

We next determined whether CD117 signalling was important for 
normal prostate development. Mouse prostate development begins 
with epithelial budding from the urogenital sinus at 17.5 days of 
gestation, with extensive ductal outgrowth and branching occurring 
during the first 3 weeks of postnatal development'’. Mice homo- 
zygous for the dominant-white spotting locus (W/W) lack CD117 
signalling and are perinatal lethal’*, thus precluding an assessment of 
prostate development. We therefore analysed heterozygous W/W” 
mice, which are viable and have partially impaired CD117 signal- 
ling”. At 4 weeks of age, despite an equivalent body size the mutant 
prostates were decreased in size with a similar reduction in adulthood 
(Supplementary Fig. 7a—d). We next examined cell proliferation, 
differentiation and survival in mutant prostates, because CD117 sig- 
nalling regulates these processes in various stem cells**. Mutant pros- 
tates showed inhibited proliferation, although basal and luminal 
differentiation, cell survival and vascular/smooth muscle cell recruit- 
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implant no. 5 three months after renal capsule implantation. 

e, Haematoxylin and eosin (H&E) stain of a UGM-only graft. Dotted line 
indicates the edge of the kidney parenchyma. f, Haematoxylin and eosin 
stain of single cell implant no. 5. Dotted line indicates the edge of the kidney 
parenchyma. g-, Serial sections of the boxed area are shown stained for 
(g) CK14 (green), CK18 (red) and DAPI (blue), (h) Syp (green), E-cadherin 
(also known as Cdh1; red) and DAPI (blue; arrow indicates a Syp~ cell), 
(i) Pbsn (green), CK18 (red) and DAPI (blue), (j) Nkx3-1 (red) and DAPI 
(blue), (k) 61 integrin (red) and DAPI (blue), and (I) H-2k? (red) and DAPI 
(blue). m, Haematoxylin and eosin stain of single cell implant no. 47. Serial 
sections 10, 20, 30 and 40 are shown. Dotted line indicates the edge of the 
kidney parenchyma. All bars represent the mean and s.e.m. 


ment were unaltered (Supplementary Fig. 7e—h). Similarly, wild-type 
C57BL/6 prostates cultured ex vivo in the presence of a function- 
blocking anti-CD117 antibody (ACK2) showed inhibited growth 
and reduced branching (Supplementary Fig. 8a—c). We confirmed 
that ACK2 inhibited CD117 signalling by assessing the expression of 
Slug (also known as Snai2; Supplementary Fig. 8d—f)—a downstream 
target of the CD117 pathway”. Notably, treated prostates showed 
attenuated proliferation and an increased basal-to-luminal cell ratio, 
with no effect on cell survival (Supplementary Fig. 8g—1). To evaluate 
further a possible role for CD117 in PSC function in vivo, we admi- 
nistered ACK2 to castrated C57BL/6 mice at an in vivo inhibitory 
dose” and assessed prostate regeneration after hormone replace- 
ment. Attenuating CD117 function in vivo inhibited prostate regen- 
eration concordant with inhibited proliferation and an increased 
basal-to-luminal cell ratio, with no effect on cell survival or vas- 
cular/smooth muscle cell recruitment (Supplementary Fig. 9a-—i). 
These findings suggest that the impairment of CD117 signalling 
using antagonistic blockers, in contrast to the partial impairment 
as seen in W/W” mice, may inhibit prostatic luminal cell differenti- 
ation and highlight a potential role for CD117 signalling in normal 
prostate development. Because CD117 signalling is important for 
bone-marrow-derived cellular function (including haematopoietic 
stem and endothelial progenitor cell mobilization”’) and the vascu- 
lature and its supporting stroma may establish a PSC niche”, it is 
possible that abrogated CD117 function may adversely affect non- 
epithelial cell recruitment/maintenance in the prostate, which in turn 
could compromise prostate development. Although we did not 
observe deficient vascular/smooth muscle cell recruitment in 
CD117 mutant and ACK2-treated mice, our studies do not rule 
out possible effects of abrogated CD117 signalling on non-epithelial 
cells in the prostate. Studies investigating the prostate-specific 
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conditional ablation of CD117 are needed to demonstrate conclu- 
sively a functional requirement for CD117 in normal prostate 
development. 

To compare the percentage of CD117* cells in the prostate with 
that of other PSC populations, we obtained a lineage-depleted (Lin ) 
population and performed flow cytometry. Whereas CD117~ cells 
had the lowest frequency in the viable cell population (~1%), Sca-1~ 
and CD133* cells were detected at much higher frequencies (Fig. 3a). 
Indeed, other studies have reported Sca-1 and CD133 expression in 
both stem and non-stem-cell types, including stromal and differen- 
tiated epithelial cells’**. These higher frequencies suggest that Sca-1 
and CD133 may mark heterogeneous subpopulations of prostate 
cells. Given the heterogeneity of single-stained cell populations, we 
would not expect each marker used alone to yield a subpopulation 
composed entirely of stem cells. We therefore performed fluor- 
escence-activated cell sorting (FACS) to obtain cell populations 
expressing combinations of multiple surface markers 
(Supplementary Fig. 10), followed by renal capsule implantation. 
We determined that PSCs resided exclusively within the Lin” Sca-1* 
CD133*CD44*CD117* population, which constituted 0.12% of the 
viable cell population (pgf: Lin’ Sca-1 CD133° CD44 CD117 , 
0/8; Lin Sca-1*CD133"CD44*CD117",6/9; Lin Sca-1* 
CD133*CD44*CD117-, 0/6; Fig. 3a, b and Supplementary Fig. 
11a—h). Serial transplantation yielded similar results (pgf Lin” Sca-1~ 
CD133 CD44 CD17", 0/3;_ Lin Sca-1*CD133*CD44*CD117", 
1/3; Lin” Sca-1*CD133*CD44*CD117-, 0/3; Supplementary Fig. 
12a-f). Hence the Lin” Sca-1~CD133*CD44*CD117~ population con- 
tains normal PSCs with self-renewal capacity. 

To definitively prove that prostate generation could be achieved 
from a single Lin Sca-1*CD133*CD44*CD117~ cell, we sorted 
single viable cells into individual wells, imaged each well to confirm 
the presence ofa single cell, and grafted single donor C57BL/6 mouse 
cells in combination with rat UGM stromal cells under the renal 
capsule of host athymic nu/nu mice (Supplementary Fig. 13). A total 
of 14 prostates were generated from 97 single cell transplants (Fig. 3c, 
d). Histological analyses confirmed that whereas grafts of UGM cells 
alone were incapable of prostate generation (Fig. 3e), grafts of the 14 
successful single cell transplants showed substantial prostate 
development (Fig. 3f). We confirmed the presence of epithelial 
tubules comprised of multiple cell lineages (Fig. 3g, h) as well as 
the expression of Pbsn (Fig. 3i) and Nkx3-1 (Fig. 3j). Notably, sin- 
gle-cell-derived prostates expressed mouse-specific B1 integrin 
(Fig. 3k) and C57BL/6 donor-specific H-2k? (Fig. 31). We further 
confirmed the donor origin of the generated prostates by PCR-based 
genotyping of laser capture microdissected cells (Supplementary Fig. 
14a). Single-cell-derived prostates had an interconnected branching 
morphology surrounded by a layer of stromal cells and connective 
tissue (Fig. 3m). By limiting dilution analysis, the frequency of PSCs 
in the Lin’ Sca-1~CD133* CD44*CD117* population was calcu- 
lated as 1 in 10 (Supplementary Fig. 14b). 

To determine whether CD117 would also mark a potential PSC 
population in the human prostate, we performed flow cytometric 
analysis of human benign prostatic hyperplasia (BPH; n= 5) and 
benign non-BPH (n= 4) specimens. CD117~ cells were observed 
at a low frequency in the viable cell population in benign non-BPH 
and BPH specimens (~0.2% and 0.4%, respectively; Fig. 4a, b). By 
combining multiple stem cell markers, we determined the frequency 
of viable CD133*CD44*CD117~ cells (a Sca-1 human orthologue 
has not been identified) in benign non-BPH and BPH specimens to 
be 0.004% and 0.01%, respectively (Fig. 4a, b). Immunostaining 
revealed CD117° cells in the prostate epithelium that co-expressed 
the basal marker p63 in both benign non-BPH (Fig. 4c—e) and BPH 
(Fig. 4f-h) specimens. These findings suggest that CD117 expression, 
in addition to marking a PSC population in the mouse prostate, may 
also mark a potential PSC population in the human prostate. In vivo 
prostate generation from human CD117* prostate cells, however, 
remains to be demonstrated. 
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This is, to our knowledge, the first report to demonstrate prostate 
generation from a single adult stem cell. Recently, two studies 
described mouse mammary gland reconstitution from a single stem 
cell”**°. By demonstrating that a functional organ could be generated 
from a single adult stem cell, these studies signified hallmark 
advancement in the stem cell research field. Our study now adds to 
this advancement. Determining the phenotype of stem cells with 
single cell tissue generation capacity has important implications for 
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Figure 4 | Human prostates contain a subpopulation of CD117* cells that 
localize to the basal layer of the prostate epithelium. a, b, Percentage of 
viable cells in human clinical benign non-BPH prostate specimens (a) or 
human clinical BPH prostate specimens (b) expressing single and multiple 
markers of prostate stem cells. c—h, Histological analyses of a benign non- 
BPH prostate specimen (c—e) and a BPH prostate specimen (f-h) stained for 
haematoxylin and eosin (H&E) (c, f) and CD117 (green), p63 (red) and 
DAPI (blue) (d, e, g, h). The boxed areas in c and f are shown enlarged in 
d and g, respectively, and the boxed areas in d and g are shown enlarged in 
eandh, respectively. Arrows indicate cells co-expressing CD117 and p63. All 
bars represent the mean and s.e.m. The benign non-BPH and BPH 
specimens used for histological analyses were paired specimens taken from 
the same patient. 
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tissue repair and regrowth and for cancer stem/initiating cell iden- 
tification. 


METHODS SUMMARY 

Prostate generation in vivo. The prostate generation assay was described prev- 
iously'”"*. For primary transplants of CD117* cells, prostates from 8—10-week- 
old C57BL/6 mice were dissociated and magnetically sorted with anti-mouse 
CD117 microbeads (Miltenyi Biotec) into CD117*!~ fractions (~500,000 dis- 
sociated cells were obtained per prostate, with CD117" cells constituting 7% of 
magnetically sorted cells, of which 17.5 + 2.4% (n= 10) were viable as deter- 
mined by flow cytometry). Sorted cells (100,000 cells per graft) were mixed with 
UGM stromal cells (250,000 cells per graft) in 3mg ml! collagen type I (20 pl 
per graft), incubated at 37 °C for 1 h to allow collagen gelation, and overlaid with 
prostate culture medium. After incubation overnight at 37 °C, collagen gels were 
grafted under the renal capsule of 6-8-week-old athymic nu/nu mice, along with 
a subcutaneous 90-day slow-release testosterone pellet (12.5 mg per pellet per 
mouse; Innovative Research of America). Grafts were collected 8 weeks after 
implantation. For primary transplants of Lin” Sca-1*CD133*CD44* CD117* 
cells, prostates were sorted by FACS, and the sorted cells (1,300 cells per graft) 
were mixed with UGM stromal cells (250,000 cells per graft). Grafts were col- 
lected 12 weeks after implantation. 

Single cell FACS and prostate generation in vivo. Details of the procedure are 
described in Supplementary Fig. 13. Prostates from 8—10-week-old C57BL/6 
mice were dissociated and lineage-depleted using a Mouse Lineage Cell 
Depletion Kit (Miltenyi Biotec), along with a biotin-conjugated anti-mouse 
CD31 monoclonal antibody (BD Biosciences; clone 390). FACS was performed 
with a FACSAria flow cytometer (Becton Dickinson). Compensation adjust- 
ments were performed with single colour positive controls. Single cells were 
sorted into Microtest U-bottom 96 well plates (BD Falcon) containing 20 pl 
collagen type I at 3mg ml |. A total of 127 individual wells from single cell 
FACS were examined, with 106 wells verified to contain a single viable cell from 
six independent experiments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Pregnant SD rats and C57BL/6 male mice (postnatal day 4 and 8-10- 
weeks-old) were purchased from Charles River Laboratories, athymic nu/nu 
male mice (6—8-weeks-old) were purchased from Harlan Sprague Dawley, and 
WBB6F1/J male mice (wild type or W/W“; 4-8-weeks-old) were purchased from 
the Jackson Laboratory. The W allele encodes a Cd117 gene with a deletion of the 
transmembrane domain and the amino terminus of the kinase domain, whereas 
the W“ allele encodes a Cd117 gene with a single point mutation. All experiments 
were approved by the Animal Research Ethics Committee of Genentech. 
Human prostate clinical specimens. Freshly resected human prostate speci- 
mens (both BPH and benign non-BPH specimens, distinguished by gross exam- 
ination by a pathologist; wet weights between 1 and 3 g) were obtained from Bio- 
options Inc. and The University of California, San Francisco, from consenting 
patients in accordance with federal and state guidelines. 

Antibodies. Antibodies were purchased from the following sources: BD 
Biosciences, allophycocyanin (APC)-conjugated CD117 (anti-mouse: clone 
2B8; anti-human: clone YB5.B8), phycoerythrin (PE)-Cy7-conjugated Sca-1 
(clone D7), Ki67 (clone B56), E-cadherin (clone 36), active caspase 3 (polyclonal 
557035); eBioscience, PE-conjugated CD133 (anti-mouse: clone 13A4), APC- 
Alexa Fluor 750-conjugated CD44 (anti-mouse/human: clone IM7), function- 
blocking CD117 (clone ACK2); Miltenyi Biotec, PE-conjugated CD133 (anti- 
human: clone AC133); Abcam, CK18 (clone C-04), H-2k> (clone ER-HR52), 
CD117 (polyclonal ab956); Chemicon, mouse-specific B1 integrin (clone 
MBI1.2), synaptophysin (clone SY38); R&D Systems, CD117 (clone 180627); 
Covance, CK14 (polyclonal AF64); AbD Serotec, CD31 (clone 2H8); Sigma, 
o-smooth muscle actin (SMA) (clone 1A4); Santa Cruz Biotechnology, probasin 
(polyclonal M-18), p63 (clone 4A4); Invitrogen, synaptophysin (polyclonal 
Z66), secondary antibodies conjugated to Alexa Fluor 488 or 594. Nkx3-1 poly- 
clonal antibody was a gift from C. Abate-Shen. 

UGM stromal cell preparation. The UGM isolation procedure has been 
described previously’. In brief, E18 embryos from pregnant SD rats were killed 
and urogenital sinuses were collected. After separation of the UGM from the 
urogenital sinus epithelium, the UGM was digested with 1 mg ml’ collagenase/ 
dispase (Roche) in DMEM supplemented with 10% fetal bovine serum (FBS), 
2mM glutamine, 100U ml ' penicillin and 100mgml~' streptomycin for 
60 min at 37 °C, washed twice in prostate culture medium (DMEM supplemen- 
ted with 10% FBS, 2 mM glutamine, 10 pg ml! insulin, 5.5 Lg ml ! transferrin, 
6.7 ng ml! selenium, 1nM testosterone (Innovative Research of America), 
100 U ml ' penicillin and 100 mg ml! streptomycin) and cultured in the same 
medium in 24-well plates coated with 10 jg ml ' collagen type I. UGM cells were 
passaged at confluency by trypsin digestion and cultured in vitro for up to 1 week. 
Prostate cell preparation. Human and mouse prostates were minced, placed in 
DMEM supplemented with 10% FBS, 2mM glutamine, 100U ml ' penicillin 
and 100 mg ml ' streptomycin, digested with 1 mg ml! collagenase/dispase for 
90 min at 37 °C with agitation and passed through a 70 uum filter. 

Serial isolation/transplantation in vivo. For secondary transplants of CD117* 
cells, primary grafts were magnetically sorted (~49,000 dissociated cells were 
obtained per primary graft, with CD117" cells constituting 19% of magnetically 
sorted cells), and sorted cells (10,000 cells per graft) were mixed with UGM 
stromal cells (250,000 cells per graft). For tertiary transplants of CD117° cells, 
secondary grafts were magnetically sorted (~40,000 dissociated cells were 
obtained per secondary graft, with CD117* cells constituting 11% of magnet- 
ically sorted cells) and sorted cells (2,200 cells per graft) were mixed with UGM 
stromal cells (250,000 cells per graft). For secondary transplants of Lin” Sca- 
1*CD133*CD44*CD117* cells, primary grafts were sorted by FACS 
(~31,000 dissociated cells were obtained per secondary graft, with Lin’ Sca- 
1*CD133*CD44*CD117* cells constituting 0.02% of viable FACS-sorted 
cells). Sorted cells (15 cells per graft) were mixed with UGM stromal cells 
(250,000 cells per graft). All serial transplantation grafts were collected 12 weeks 
after implantation. Gross graft images were acquired on a SMZ 800 dissecting 
microscope (Nikon) with a Coolpix 4300 digital camera (Nikon). 

RNA isolation and qRT-PCR. Prostates from 8—10-week-old C57BL/6 mice 
were collected and teased apart to extend the tubules. For comparison of pro- 
static regions, each prostatic lobe was divided into distal, intermediate and 
proximal regions. For comparison of prostatic lobes, each prostate was divided 
into dorsal, lateral, ventral and anterior lobes. Total RNA was isolated using an 
RNeasy Mini kit (Qiagen) and qRT-PCR was performed with Power SYBR 
Green (Applied Biosystems) using the following primer sets: Sca-1, 5'- 
ATGGACACTTCTCACACTACAAAG-3' and 5’-TCAGAGCAAGGTCTG- 
CAGGAGGACTG-3'; Cd44, 5’-AATTCCGAGGATTCATCCCA-3’ and 5’- 
CGCTGCTGACATCGTCATC-3’;  Cd49b, 5'-CCGGCATACGAAAGAATT- 
GG-3' and 5'-GAAGAGCTGAGGGTTATGT-3’; Cd49f (also known as Itga6), 
5'-GTGGCCCAAGGAGATTAGC-3’ and 5’-GTTGACGCTGCAGTTGAGA- 
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3’; Cd133, 5’-ACCAACACCAAGAACAAGGC-3" and 5’-GGAGCTGAC- 
TTGAATTGAGG-3'; Bcl2, 5’-ATGTGTGTGGAGAGCGTCAAC-3’ and 5’- 
AGACAGCCAGGAGAAATCAAAC-3’; Tert, 5'-ATGGCGTTCCTGAGTATG- 
3’ and 5'-TTCAACCGCAAGACCGACAG-3'; p63, 5’-TTGTACCTGG- 
AAAACAATG-3' and 5’-TCGAAGCTGTGTGGGCCCGGG-3'; Ck14, 5'- 
GACTTCCGGACCAAGTTTGA-3’ and 5’-CTTGAGGCTCTCAATCTGC-3’; 
Ck18, 5'-ACTCCGCAAGGTGGTAGATG-3’ and 5'-GCCTCGATTTCTGTCT- 
CCAG-3'; Cd24, 5'-TAAAGGACGCGTGAAAGGTTTGA-3’ and 5’-GACA- 
AAATGGGTCTCCATTCCGCAC-3’; Cd34, 5’-ATGCAGGTCCACAGGG- 
ACACG-3' and_——-55'-CTGTCCTGATAGATCAAGTAG-3’;,__Cd117, _5'- 
GACGCAACTTCCTTATGATC-3’ and 5’-TGGTTTGAGCATCTTCACGG-3’; 
Slug, 5'-TTTCTCCAGACCCTGGCTGCT-3’ = and = 5'-TTTTCCCCAGT- 
GTGAGTTCTA-3’; Gapdh, 5'-ACTGGCATGGCCTTCCG-3’ and 5’-CAG- 
GCGGCACGTCAGATC-3’. Gene expression was normalized to Gapdh using 
the AC; method. 

Flow cytometry. Prostate cells (non-lineage depleted) were permeabilized with 
0.1% Triton X-100, stained with primary (CK14, CK18, APC-conjugated 
CD117) and secondary (Alexa Fluor 488 or 594) antibodies, and analysed on 
an LSR-II flow cytometer (Becton Dickinson). 

Colony formation in vitro. The prostate colony formation assay has been 
described previously’. In brief, prostate cells from 8—10-week-old C57BL/6 mice 
were magnetically sorted into CD117‘’~ fractions, resuspended at 8,000 cells per 
100 ul collagen type I at 3mgml_' in DMEM, placed in flat-bottom 96-well 
plates for 1 h at 37 °C, and overlaid with prostate culture medium supplemented 
with 15ng ml! epidermal growth factor (Roche). Medium was changed every 
48 h and colony formation was assessed after 7 days. 

Prostate culture ex vivo. Postnatal day 4 C57BL/6 mouse prostates were col- 
lected and placed on 8-|1m pore-size cell culture inserts (BD Falcon), and inserts 
were placed into 24-well plates containing 300 ul DMEM/F-12 supplemented 
with 0.5% glucose, 2 mM glutamine, 10 Lg ml! insulin, 5.5 Lig ml ! transferrin, 
6.7ngml | selenium, 100U ml ' penicillin, 100mg ml~! streptomycin, and 
25ngml_' fungizone. Medium supplemented with function-blocking anti- 
CD117 antibody (25 ug ml ') was also used. Medium was changed and images 
were acquired every 48 h, and prostates were collected after 10 days. Images were 
acquired on a MZ16FA dissecting microscope (Leica) with a Retiga EXi digital 
camera (QImaging). Net growth in prostate area was quantified using 
MetaMorph software (Molecular Devices). Branch point quantification was 
performed on gross images of day 8 prostates. 

Castration and androgen replacement. For microarray and qRT-PCR analysis, 
C57BL/6 mice at 8-10 weeks of age were used. On day 0, mice were castrated. On 
days 3 and 14 after castration, prostates from a subset of mice were collected. On 
day 14 after castration, testosterone pellets (15 mg per pellet per mouse) were 
implanted, and on day 17 (3 days after hormone replacement) prostates were 
collected. Total RNA was isolated using an RNeasy Mini kit and MOE430v2 
Affymetrix chips were used for microarray analysis. To assess CD117 function 
during prostate regeneration in vivo, C57BL/6 mice at 8 weeks of age were used. 
Mice were castrated on day 0, and on day 12 after castration anti-ragweed control 
antibody (10mgkg~' in PBS) or function-blocking anti-CD117 antibody 
(10mgkg~' in PBS) were administered by intraperitoneal injection. On 
day 14 after castration testosterone pellets (15 mg per pellet per mouse) were 
implanted and on day 15 (1 day after hormone replacement) antibody treat- 
ments were administered. On day 19 (5 days after hormone replacement) pros- 
tates were collected, weighed and processed for histology. Prostate weights are 
expressed as the net increase compared to control prostates from day 14 after 
castration. 

Immunohistochemistry. Optimal cutting temperature (OCT) compound-fro- 
zen tissues were sectioned at 8 um, fixed in 4% paraformaldehyde (for CK14, 
CK18, CD117, Syp, Pbsn, $1 integrin, H-2k>, CD31 and SMA) or methanol/ 
acetone (1:1 (v/v); for E-cadherin, active caspase3, Ki67 and Nkx3-1), and incu- 
bated with primary antibody for 45 min and secondary antibody for 30 min. 
Human prostate specimens were fixed in formalin and sectioned at 6 tum, and 
antigen retrieval was performed with BD Retrievagen A (BD Biosciences). For 
specificity controls, species-matched primary antibodies were used. Images were 
acquired on an Axioplan 2 imaging microscope (Zeiss) with an ORCA-ER digital 
camera (Hamamatsu). For ex vivo prostates, percentages of positive cells were 
quantified by assessing at least 600 cells for CK14 or CK18, 400 cells for Ki67 and 
1,200 cells for E-cadherin. For regenerated in vivo prostates, the percentages of 
positive cells were quantified by assessing at least 800 cells for CK14 or CK18 and 
2,500 cells for Ki67. 

Laser capture microdissection and PCR-based genotyping. Single-cell-derived 
grafts were sectioned at 81m, mounted on metal frame membrane slides 
(Molecular Machines & Industries) and stained with mouse-specific B1 integrin 
and CD31. Within the graft, B1 integrin’ CD31” cells were isolated with a Nikon 
E2000 CellCut laser capture microdissector (Molecular Machines & Industries). 
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For Foxn1*’* cell controls, rat stromal cells (B1 integrin CD31) within the 
graft were isolated. For Foxn1*’~ cell controls, athymic nu/nu kidney cells (B1 
integrin” ) adjacent to the graft were isolated. Captured cells were lysed with a 
PicoPure DNA Extraction Kit (Molecular Devices) and PCR-based genotyping 
was __ performed (http://jaxmice.jax.org/pub-cgi/protocols/protocols.sh). 
Genomic DNA was amplified by PCR with primers for Foxnl (5’- 
GGCCCAGCAGGCAGCCCAAG-3' and 5’-AGGGATCTCCTCAAAGGCT- 
TC-3'), digested with BsaJI and run on a 4% agarose gel. The undigested PCR 
product is 168 base pairs (bp); the digested Foxn1*/* PCR product gives 90-, 58- 
and 20-bp fragments; the digested Foxn1*’~ PCR product gives 110-, 90-, 58- 
and 20-bp fragments. The absence of a 110-bp product indicates that genomic 
DNA is derived from Foxn1*’* (wild type) cells. PCR control reactions included 
water (negative control) and wild-type mouse genomic DNA (positive control). 
Confocal and single cell microscopy. Confocal images were scanned and 
acquired with a LSM 510 META confocal microscope (Zeiss). Single cell images 
were acquired on an Eclipse TE300 inverted microscope (Nikon) with a Cascade 
Photometrics digital camera (Roper Scientific). 

Limiting dilution analysis. Limiting dilution analysis was performed using the 
‘limdil’ function in the ‘statmod’ software package (http://bioinf.wehi.edu.au/ 
software/limdil/index.html). A confidence interval of 95% was used. 
Statistical analysis. Group differences were evaluated using a two-tailed 
Student’s t-test. P values of less than 0.05 were considered significant. 
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A role for VEGF as a negative regulator of pericyte 
function and vessel maturation 


Joshua |. Greenberg’, David J. Shields”, Samuel G. Barillas', Lisette M. Acevedo’, Eric Murphy”, Jianhua Huang’, 
Lea Scheppke’, Christian Stockmann’, Randall S. Johnson’, Niren Angle’ & David A. Cheresh* 


Angiogenesis does not only depend on endothelial cell invasion and 
proliferation: it also requires pericyte coverage of vascular sprouts for 
vessel stabilization’”. These processes are coordinated by vascular 
endothelial growth factor (VEGF) and platelet-derived growth factor 
(PDGF) through their cognate receptors on endothelial cells and 
vascular smooth muscle cells (VSMCs), respectively**. PDGF induces 
neovascularization by priming VSMCs/pericytes to release pro- 
angiogenic mediators’’. Although VEGF directly stimulates 
endothelial cell proliferation and migration, its role in pericyte bio- 
logy is less clear. Here we define a role for VEGF as an inhibitor of 
neovascularization on the basis of its capacity to disrupt VSMC func- 
tion. Specifically, under conditions of PDGF-mediated angiogenesis, 
VEGF ablates pericyte coverage of nascent vascular sprouts, leading 
to vessel destabilization. At the molecular level, VEGF-mediated 
activation of VEGF-R2 suppresses PDGF-RB signalling in VSMCs 
through the assembly of a previously undescribed receptor complex 
consisting of PDGF-RB and VEGEF-R2. Inhibition of VEGF-R2 not 
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only prevents assembly of this receptor complex but also restores 
angiogenesis in tissues exposed to both VEGF and PDGF. Finally, 
genetic deletion of tumour cell VEGF disrupts PDGF-RB/VEGF-R2 
complex formation and increases tumour vessel maturation. These 
findings underscore the importance of VSMCs/pericytes in neovas- 
cularization®*” and reveal a dichotomous role for VEGF and VEGF-R2 
signalling as both a promoter of endothelial cell function and a nega- 
tive regulator of VSMCs and vessel maturation. 

VEGF and PDGF contribute to angiogenesis and vessel stabiliza- 
tion by activating endothelial cells and VSMCs respectively, suggest- 
ing that a combination of these factors might elicit a synergistic 
response. To test this directly in angiogenesis models, PDGF, 
VEGF or both were mixed with Matrigel and implanted subcuta- 
neously into mice or topically applied to the chorioallantoic mem- 
brane (CAM) of 10-day-old chick embryos. As expected, PDGF-BB 
or VEGF, at an optimal angiogenic dose (Supplementary Fig. 1a, b), 
promotes robust neovascularization (Fig. la). Surprisingly, the 


Figure 1| VEGF inhibits PDGF-mediated 
angiogenesis through VEGF-R2. a, Upper: vessel 
growth into Matrigel as measured by CD-31~ 


VEGF-R2_ Anti- 
inhibitor VEGF-R2 
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analysis of variance (ANOVA). Further images 
F ' a0 El ei VEGF are displayed in Supplementary Fig. 1d. b, Upper: 
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200 CAM angiogenesis 2007 CAM angiogenesis te PDGF/ _ application of inhibitors; *P < 0.001, 
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£100 100+ *P < 0.02, results from two-way ANOVA, 
e = she ae **P < 0.05; right: confocal microscopy of 
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combination of these cytokines results in complete suppression of 
angiogenesis (Fig. 1a). Inhibition of angiogenesis is not likely due to 
excessive proliferation of mural or stromal cells, because PDGF and 
VEGF each combine with bFGF to produce an increased angiogenic 
response (Fig. la)'®. Thus, a specific antagonistic relationship exists 
between PDGF and VEGF during neovascularization. 

We next considered whether PDGF or VEGF receptors contribute to 
the antagonistic effects of combined VEGF/PDGF treatment on neo- 
vascularization. After PDGF receptor blockade, we observed suppres- 
sion of angiogenesis in the presence of either growth factor (Fig. 1b), 
consistent with a role for PDGF in the release of pro-angiogenic factors 
and the recruitment of VSMCs/pericytes to nascent endothelial cell 
sprouts''”*, Although combined PDGE/VEGEF stimulation leads to the 
appearance of tenuous and small-calibre vascular sprouts on CAMs at 
48 h, a complete absence of new vessel growth is evident on CAMs by 
72h (Fig. 1b and Supplementary Fig. 1c). Thus, combined PDGF/ 
VEGF treatment initiates vessel sprouting but not a durable vascular 
response. 

To assess the role of VEGF-R2 as a negative regulator of pericyte 
function, Matrigel and CAM tissues were treated with either a VEGF- 
R2 kinase inhibitor or anti- VEGF-R2 and stimulated with PDGF, 
VEGF or both. As expected, either inhibitor disrupts VEGF- but 
not PDGF-mediated angiogenesis in both models (Fig. 1b)”. 
Interestingly, after PDGF/VEGF treatment, VEGF-R2 inhibition 
restores angiogenesis to a level achieved with either growth factor 
alone (Fig. 1b), suggesting that under conditions of VEGF/PDGF 
stimulation, VEGF-R2 negatively regulates neovascularization. To 
validate these observations, mice were injected with Matrigel impreg- 
nated with growth factors, as well as adenovirus expressing an inac- 
tive truncation mutant of the VEGF-R2 receptor. Gene delivery to the 
vascular compartment suppresses VEGF-R2 phosphorylation in 
these tissues (Supplementary Fig. 2a, b). Importantly, the VEGF- 
R2 truncation mutant restores the angiogenic response after 
PDGF/VEGEF stimulation without affecting PDGF-mediated angio- 
genesis (Fig. 1c). These studies demonstrate that, in the presence of 
both VEGF and PDGF, VEGF-R2 can limit pro-angiogenic events. 

We next considered the effect of VEGF treatment on PDGF- 
stimulated pericyte recruitment to nascent vessels during angiogen- 
esis. As expected, PDGF treatment alone produces a robust influx of 
alpha-smooth-muscle actin-expressing («-SMA+; VSMC/pericyte 
marker) cells to the surface of patent blood vessels (Fig. 2a)°. 
However, stimulation of tissues with PDGF/VEGEF results in a reduc- 
tion in vascular pericyte coverage in comparison with tissues treated 
with PDGF alone. Importantly, pericyte coverage and neovascular- 
ization are restored after VEGF-R2 inhibition (Fig. 2a), suggesting 
that VSMC/pericyte VEGF-R2 negatively regulates this response. 

To assess whether VSMC function could be influenced by the com- 
bination of PDGF and VEGF, we examined the effects of these growth 
factors on proliferation and migration in primary human VSMCs 
in vitro. Although PDGF induces VSMC proliferation and migration, 
exposure to both PDGF and VEGF results in a complete suppression 
of these responses (Fig. 2b). In contrast, human umbilical vein 
endothelial cells (HUVECs), which express VEGF-R2 but not PDGF 
receptors, and normal human dermal fibroblasts (NHDFs), which 
express PDGF but not VEGF receptors (Supplementary Fig. 3a), 
exhibit robust migration and proliferation in the presence of PDGF/ 
VEGF. Similar results were obtained with a wide range of other 
endothelial cells and VSMC/pericytes (Supplementary Fig. 4). Impor- 
tantly, VSMCs pre-treated with a VEGF-R2 inhibitor or subjected to 
short interfering RNA (siRNA)-mediated knockdown of VEGF-R2, 
but not VEGF-R1, demonstrate complete reversal of PDGF/VEGF- 
mediated suppression of cell migration and proliferation (Fig. 2c). 
This may be explained by the finding that VEGF significantly attenuates 
PDGF-induced pp60-Src and ERK signalling (Supplementary Fig. 5). 
Importantly, co-stimulation with bFGF and PDGF does not suppress 
PDGF-mediated VSMC chemotaxis (data not shown), further 
supporting a specific relationship between VEGF and PDGF. 
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Figure 2 | VEGF disrupts pericyte coverage/VSMC activation through 
VEGF-R2. a, Bottom: confocal microscopy images of reconstituted 
basement membrane impregnated with growth factors from mice perfused 
with fluorescent Griffonia lectin (green), stained for a-SMA (red); top: 
pericyte coverage as assessed by o-SMA/lectin co-localization; *P < 0.01, 
results from one-way ANOVA, n = 6 animals per group. b, Representative 
proliferation (upper, *P < 0.001) and migration assays as measured by cells 
per high-powered field (HPF) (lower, *P < 0.001); results from one-way 
ANOVA. ¢, Representative VSMC proliferation (upper, *P < 0.01, 

**P < 0.05) and migration (lower, *P < 0.001, **P < 0.001) assays 
performed after siRNA-mediated knockdown of VEGF receptors normalized 
to PBS control where indicated; results from one-way ANOVA, n> 3 
experiments. All error bars, s.d. 


The antagonistic results of PDGF/VEGF treatment do not result 
from competition for receptor occupancy because treatment with a 
range of VEGF doses fails to suppress PDGF stimulation of PDGF-RB 
in NHDFs, which lack VEGF-R2 (data not shown). Thus, it appears 
that VEGF-ligation of VEGF-R2 in VSMCs leads to inactivation of 
PDGF-Rf, the dominant PDGF receptor on these cells. To test this 
possibility, VSMCs were exposed to varying concentrations of VEGF 
(in the presence or absence of PDGF) and the PDGF-RB phosphor- 
ylation (activation) status was evaluated. Although VEGF alone fails 


©2008 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 456|11 December 2008 


to induce PDGF-RB phosphorylation, it suppresses PDGF-mediated 
PDGE-R® tyrosine phosphorylation fivefold, which can be reversed by 
PDGF titration (Supplementary Fig. 6a, b). Importantly, VEGF-121, 
which lacks a heparin-binding domain, also suppresses PDGF- 
mediated activation of PDGF-RB (Supplementary Fig. 6c). To evalu- 
ate the requirement of VEGF receptors for this process, we subjected 
VSMCs to VEGF-R1 or VEGF-R2 siRNA-mediated knockdown 
and analysed the effect of PDGF/VEGF co-stimulation on PDGF-RB 
activity. Knockdown of VEGF-R2 but not VEGF-RI abrogates the 
VEGF-mediated inactivation of PDGF-Rf, indicating that VEGF-R2 
is essential for VEGF-mediated suppression of PDGF signalling in 
VSMCs (Fig. 3a). VEGF-R2 kinase inhibition also restores PDGF- 
RB phosphorylation in cells exposed to PDGF/VEGEF, providing fur- 
ther evidence that VEGF-R2 negatively regulates PDGF-RB 
(Supplementary Fig. 7a). Thus, co-stimulation of VSMCs with 
PDGE/VEGEF results in cross-talk between the cognate receptors for 
these ligands, leading to suppression of PDGF signalling. 

To define the underlying mechanism of VEGF-R2-dependent 
inhibition of PDGF-RB activity further, VEGF-R2 or VEGF- 
R2(A450C) were expressed in NHDF cells, which lack VEGF-R2. 
VEGF induces phosphorylation of wild-type VEGF-R2 but not the 
truncated derivative (Supplementary Fig. 8a, b). NHDF cells trans- 
duced with VEGF-R2 or VEGF-R2(A450C) demonstrate equivalent 
phosphorylation of PDGF-Rf in response to PDGF alone (Fig. 3b). 
However, when NHDFs expressing VEGF-R2 were stimulated 
with VEGF/PDGF, PDGF-RB exhibited decreased phosphorylation 
relative to cells expressing truncated VEGF-R2. This was associated 
with a concomitant reduction in proliferation and cell migration, 
relative to cells exposed to either cytokine alone, demonstrating that 
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VEGF-R2 expression is sufficient to inhibit PDGF-dependent func- 
tion in VSMCs (Fig. 3b). 

Given the functional crosstalk between VEGF-R2 and PDGF-Rf in 
VSMCs, we evaluated whether these receptors interact directly by per- 
forming reciprocal co-immunoprecipitation studies. Importantly, 
treatment of VSMCs with PDGE/VEGF results in the formation of a 
previously undescribed VEGF-R2/PDGF-RB complex, whereas no 
interaction is detected after exposure of cells to either growth factor 
alone (Fig. 3c). The same biochemical interaction was not detected 
with PDGF-Ra (Supplementary Fig. 9a). Furthermore, pre-treatment 
of VSMCs with a VEGF-R2 inhibitor attenuates VEGF-R2/PDGF-RB 
complex formation, suggesting a requirement for VEGF-R2 activity. 
Similar findings are observed in the pericyte-like 10T 1/2 cell line, which 
is often used to approximate pericytes in vitro, and which has been 
found to exhibit growth suppression in co-culture with endothelial 
cells (Supplementary Fig. 9b)'*"’. As a final biochemical confirmation, 
growth-factor-dependent PDGF-RB/VEGF-R2 complex formation 
was identified in HEK-293 cells ectopically expressing both VEGF- 
R2 and PDGF-RB (Supplementary Fig. 9c). To confirm these findings 
by using a cell biological approach, we performed a proximity ligation 
assay (PLA), which depicted close proximity of cellular molecules and 
demonstrated a fivefold increase in the VEGF-R2/PDGF-R® inter- 
action after PDGF/VEGF co-stimulation, relative to cells stimulated 
with either growth factor alone (Supplementary Fig. 10). To character- 
ize this interaction further, NHDFs were transduced with full-length 
or VEGF-R2(A450C). As demonstrated in VSMCs, expression of 
full-length VEGF-R2 but not the truncation mutant results in the 
formation of a VEGR-R2/PDGF-RB complex (after dual cytokine 
stimulation only) (Fig. 3d). These results demonstrate a requirement 
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Figure 3 | An inducible VEGF-R2/PDGF-RB complex forms in VSMC. 

a, Immunoblot analysis of anti-PDGF-RB immunoprecipitation lysates 
from serum-starved VSMCs subjected to siRNA-mediated VEGF receptor 
knockdown. b, Upper: immunoblot analysis of anti-PDGF-RB 
immunoprecipitated lysates from serum-starved NHDFs (VEGF-R2 null) 
infected with adenovirus. Inmunoblots represent at least three similar 
experiments. Lower: representative proliferation (left) and migration (right) 
experiments with VEGF-R2-reconstituted NHDFs; *P < 0.001, **P < 0.02, 
results from one-way ANOVA, n > 3 separate experiments. Error bars, s.d. 


c, d, e, Representative reciprocal co-immunoprecipitation followed by 
immunoblot analysis with lysates derived from serum-starved VSMCs pre- 
treated with either control or VEGF-R2 inhibitor (¢), serum-starved NHDFs 
transduced with truncated VEGF-R2 adenovirus (d) or NHDFs transduced 
with VEGF-R2 catalytic site (Y1052F and Y1057F) and effector site mutants 
(Y1174F and Y1212F) (e). IB, immunoblot; IP, immunoprecipitation; WCL, 
whole-cell lysate; C-t, C terminus. Immunoblots are representative of at least 
three similar experiments; mutant receptors are characterized in 
Supplementary Fig. 8. 
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for the VEGF-R2 carboxy (C) terminus in the VEGR-R2/PDGF-Rf 
interaction. 

We next transduced NHDFs with VEGF-R2(Y1052/1057EF), which 
fails to undergo auto-phosphorylation in response to VEGF 
(Supplementary Fig. 8e). Similar to the results observed after trans- 
duction of VEGF-R2(A450C), this catalytically inactive mutant fails 
to complex with PDGF-R after treatment with dual growth factor, 
demonstrating that VEGF-R2 activity is required for interaction with 
PDGF-R§ (Fig. 3e). Importantly, complex formation is still observed 
when two VEGF-R2 effector sites (Y1174 and Y1212) are mutated. 

Tumours express high levels of VEGF and as a result develop 
tortuous, leaky and immature blood vessels'*!”. Anti- VEGF therapy 
results in vessel normalization characterized by increased pericyte 
coverage, tumour perfusion and chemotherapeutic sensitivity'*. To 
investigate the role of VEGF in tumour vessel normalization, we 
examined the vasculature of fibrosarcomas that either express or lack 
VEGF". Similar to results from anti-VEGF therapy, VEGF /~ 
tumours produce mature vessels with extensive pericyte coverage, 
whereas wild-type (VEGF‘’*) tumours develop an immature 
tumour vasculature with minimal pericyte coverage (Fig. 4a, b). 
Importantly, dual expression of PDGF-RB and VEGF-R2 appears 
limited to a-SMA+ perivascular cells (Supplementary Fig. 11b). 
Interestingly, the VEGF-R2/PDGF-RB complex is only detected in 
lysates of VEGF ‘/* tumours, which feature an immature vasculature 
(Fig. 4c). By contrast, complex formation is attenuated in VEGF /~ 
tumours, concomitant with increased PDGF-Rf phosphorylation 
(Fig. 4c) and decreased VEGF-R2 phosphorylation (Supplementary 
Fig. 11a). Next, we implanted human pancreatic tumour cells ortho- 
topically into the tail of the mouse pancreas and allowed tumours to 
develop for two weeks. Analysis ofimmunoprecipitated protein from 
these tumours demonstrated PDGF-RB/VEGF-R2 complex forma- 
tion (Supplementary Fig. 12a). Although the tumour cells within 
these tissues express negligible levels of VEGF or PDGF receptors, 
we did observe co-expression of VEGF-R2 and PDGF-RB on 
perivascular cells that co-stain with o-SMA (Supplementary Fig. 
12b, c). Taken together, these studies demonstrate that VEGF can 
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Figure 4 | VEGF loss attenuates VEGF-R2/PDGF-Rf complex formation 
and tumour vessel maturation. a, Confocal microscopy of wild-type 
(VEGE*’*) and knockout (VEGF ‘~) fibrosarcomas demonstrating 
histological markers of vascular maturity and phosphorylated PDGF-RB 
(Y751); b, image analysis: P< *0.01, **P < 0.001, ***P < 0.05, results from 
unpaired t-test, n > 3 animals per group. Error bars, s.d. ¢, Anti-PDGF-RB 
immunoprecipitated tumour lysates derived from VEGF '/* and VEGF /~ 
tumours. 
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induce the formation of a VEGF-R2/PDGF-Rf complex implicated 
both in the suppression of pericyte function and in the regulation of 
tumour angiogenesis. Our findings support a mechanism where 
VEGF inhibits pericyte function and blood vessel maturation 
through the induction of a VEGF-R2/PDGF-Rf complex, and may 
in part, explain the molecular basis of anti-VEGF therapy in cancer 
patients. 


METHODS SUMMARY 


HUVECs, HMVECs, HAECs and NHDFs were acquired from Clonetics. Human 
aortic VSMCs were isolated from three donors (Clonetics and Cascade 
Biologicals). The pericyte line C3 10T1/2 (clone 8) was acquired from the 
American Type Culture Collection (ATCC). Murine lung endothelial cells 
(MLECs) were isolated by immunoselection using Dynal magnetic beads 
(Invitrogen). For in vitro studies, unless otherwise indicated, PDGF-BB, 
VEGF-165 and FGF-2 were used at 20ngml', 40ngml~! and 50ngml', 
respectively. Growth factor (500 and 100ng, respectively) was used for 
Matrigel and CAM experiments. Epitope-tagged mutant receptor constructs 
and adenoviruses were generated using standard cloning techniques and vali- 
dated by DNA sequencing. The procedures for CAM”®, Matrigel*' and murine 
fibrosarcoma’’ experiments were performed with institutional approval as prev- 
iously reported or with slight modifications. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture and reagents. PDGF-BB (referred to as PDGF in the text) and 
VEGF-165 (referred to as VEGF in the text) were acquired from Peprotech; 
FGF-2 was from Chemicon. Endothelial cells were grown in EBM-2 media, 
NHDFs were grown in FGM media (Clonetics) and VSMCs were grown in 
Medium-231 (Cascade Biologicals). HEK-293T (ATCC) and C3 10T1/2 cells 
were grown in DMEM with 15% FBS-supplemented penicillin/streptomycin. 
Inhibitors SU-5416 (ref. 22) (VEGF-R2) and AG-1296 (PDGF-R) used at 
1M were purchased from Calbiochem. Anti-VEGF-R2 (MAB-4431, R&D) 
was used at 50 ug ml! in Matrigel experiments. 

Antibodies to PDGF-Ro (sc-338), PDGF-RB (sc-432), VEGF-R2 (sc-504), 
VEGF-RI (sc-9029), ERK-2 (sc-1647), FAK (sc-557) and HRP-conjugated PY-20 
(sc-508) were purchased from Santa Cruz Biotechnology. Other antibodies 
included p-ERK (Cell Signalling), p-FAK (Y861, Biosource), p-VEGF-R2 (Y1212, 
Upstate), p-VEGF-R2 (Y1052, Upstate) and p-VEGF-R2 (Y1175, Cell Signalling). 
Co-immunoprecipitation/immunoblotting. Two million cells in 150-cm dishes 
were starved in Basal SMC Media (Medium 231) with 0.2% FBS for 18 h. addition 
of growth factor was followed by a chilled PBS wash, and cell lysis proceeded after 
seven minutes in RIPA buffer (5mM Tris pH 7.4, 150mM NaCl, 1% Triton, 
0.1mM NaF) containing protease inhibitors (Minitab, Roche), 1mM NaOV, 
and 10mM PMSF. Clarified lysates were pre-incubated for 1h with antibody 
followed by the addition of protein A/G beads (Pierce) for end-over-end tum- 
bling at 4 °C overnight. Equal amounts of protein were subsequently resolved by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting 
followed by detection with SuperSignal ECL (Pierce). Immunoprecipitation 
and immunoblotting of PDGF-RB was with anti-PDGF-Rf (sc-432) and anti- 
PDGF-R§ (sc-339), respectively. Immunoprecipitation and immunoblotting of 
human VEGF-R2 was with anti-VEGF-R2 (sc-19530) and anti-VEGF-R2 
(sc-504), respectively. Immunoprecipitation and immunoblotting of murine 
VEGE-R2 was with anti- VEGF-R2 (sc-504) and VEGF-R2 (sc-6251), respectively. 
Chemotaxis (Transwell) assay. Transwell assays were performed as previously 
described”’. 

Proliferation (XTT) assay. Five thousand cells per well were seeded in 96-well 
plates. Cells were starved in Basal SMC Media (Medium 231) with 0.2% FBS for 
18 h before the addition of growth factors. Incubation was for 48 h before addi- 
tion of tetrazolium (XTT) salt from a Tox2 Kit (Sigma). 

VEGF receptor siRNA knockdown experiments. One million VSMCs were 
electroporated (Amaxa) with 80 pmol of scramble or VEGF-R1 or VEGF-R2 
siRNA duplexes (Santa Cruz Biotechnology) 48h before starvation for growth 
factor treatment experiments according to the protocol for AoSMC 
Nucleofection (Amaxa). Cells were recovered in 100-mm dishes in complete 
media. The following pooled siRNA sequences (Santa Cruz Biotechnology) were 
used to knockdown VEGF-R2 and VEGF-R1 respectively: 

VEGF-R2 siRNA sequences (mRNA accession number, NM_002253): duplex 
1 sense strand, ACUGUGGUGAUUCCAUGUCTT; duplex 2 sense strand, 
ACUUGUAAACCGAGACCUATT; duplex 3 sense strand, CACCUGUUUGC- 
AAGAACUUTT; duplex 4 sense strand, AGACUACGUUGGAGCAAUCTT. 
VEGF-R1 siRNA sequences (mRNA accession number, NM_002019): duplex 
1 sense strand, CACAUCGACAAACCAAUACTT; duplex 2 sense strand, 
ACACGAGAGUUCAAAUGACTT; duplex 3 sense strand, CAGAGACGU- 
UACUUGGAUUTT; duplex 4 sense strand, CAACAGGAUGGUAAAGACUTT. 
VEGF receptor adenovirus gene transfer. High-titre adenovirus was generated 
with the Adeasy system™ (Stratagene) and applied to cells at a multiplicity of 
infection (MOI) of 50 plaque-forming units 48h before experiments. Twenty 
microlitres of 10'' plaque-forming units per millilitre titre viral stock was 
applied with growth factor for Matrigel assays. 

Receptor transient transfection experiments. Two million HEK-293 cells 
seeded into 150-cm dishes were co-transfected with 10ug pcDNA3 
(Invitrogen) containing VEGF-R2 (cloned as a Nofl/Xhol fragment from 
pBluescript SK- described below) or PDGF-Rf (a gift from C. Heldin) cDNAs 
using Lipofectamine 2000 (Invitrogen). Cells were starved 48 h later for growth- 
factor treatments. 

VEGF-R2 cloning and mutagenesis. Full-length murine VEGF-R2 cDNA was 
generated by PCR from a template reverse-transcribed from murine lung RNA 
(see RT-PCR) using Platinum Taq High Fidelity (Invitrogen) with a DNA 
Engine (PTC-200, Bio-Rad cycler as follows: 94°C for 30s, followed by 94°C 
for 15 s, 55°C for 30s, and 68°C for 5 min for 30 cycles). Nofl and Xhol 
restriction sites (underlined) were introduced by PCR to generate full-length 
murine VEGF-R2 (4085 base pairs (bp)) and C-terminal-truncated VEGF- 
R2(A450C), 2750 bp as follows: 5' Nofl primer corresponds to nucleotides 
211-232 of VEGF-R2: GCGGCCGCGCGGCCGCAAGGAGTCTGTGCCTGA- 
GAACT. The 3’ Xhol primer for full-length VEGF-R2 was CTCGA- 
GCTCGAGAACAGGAGGTGAGCGCAG; the 3’ Xhol primer for truncated 
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VEGF-R2 was CTCGAGCTCGAGTAGGAGGTTCACCACATTGAGA. Ligation 
of purified PCR products was into a Nofl/Xhol site of pShuttle-[RES-hrGFP2 
(Stratagene) in-frame with a triple-HA epitope tag. All constructs were subjected 
to DNA sequencing. Each shuttle vector was linearized with Pmel and electro- 
porated into Escherichia coli BJ5183 cells for homologous recombination and 
selection. High-titre adenovirus was generated in HEK293T cells (ATCC) 
through the transfection of 5 1g, linearized recombinant pAd-1 plasmid with 
Lipofectamine 2000 (Invitrogen) according to published methods™*. 
Site-directed mutagenesis (for tyrosine-to-phenylalanine mutations) required 
sub-cloning of a 4.1-kilobase No#I/Xhol fragment containing the VEGF-R2 open 
reading frame into pBluescript SK- (Stratagene). All results were verified by DNA 
sequencing, western blotting and flow-cytometry. The following primer pairs 
(mutant nucleotide exchange is underlined) were used in the mutagenesis reac- 
tions using a QuickChange kit (Stratagene) and an annealing temperature of 
68°C: Y1052F sense (GCTTGGCCCGGGACATTTTTAAAGACCCGGATT) 
and antisense (CGAACCGGGCCCTGTAAAAATTTICIGGGCCTAA); Y1057E 
sense (CCGGGACATTTATAAAGACCCGGATITIGTCAGAAAAGGAG) and 
antisense (GGCCCTGTAAATATTTCTGGGCCTAAAACAGTCTTTTCCTC); 
Y1173F sense (CAGCAGGATGGCAAAGACTTTATIGTTCTTCCAATGTCA) 
and antisense (TGACATTGGAAGAACAATAAAGTCTTTGCCATCCTGCTG); 
Y1212F sense (AGTGTGCGACCCCAAATTCCATITTGACAACACAGC) and 
antisense (GCTGTGTTGTCAAAATGGAATTTGGGGTCGCACACT). 
VEGF receptor expression (semi-quantitative RT-PCR). Total cellular RNA 
from HUVECs, VSMCs and NHDFs was extracted using Trizol Reagent 
(Invitrogen). Reverse transcription was performed with a Superscript II Two- 
Step RT-PCR Kit (Invitrogen). The resultant cDNA template used for PCR 
reactions included the following primers for human gene products: VEGF-R1 
5'-GCGACGTGTGGTCTTACG, 5'-GGCGACTGCAAAAGTCCT; VEGF-R2 
5'-CATCCAGTGGGCTGATGA, 5'-TGCCACTTCCAAAAGCAA;  VEGF-R3 
5'-GATGCGGGACCGTATCTG, 5'-ATCCTCGGAGCCTTCCAC; GAPDH 
5'-AAGGGCATCCTGGGCTAC, 5'-GTGGAGGAGTGGGTGTCGG. For murine 
gene products, the following primers were used for PCR reactions: VEGF-R1 
5'-GGAGGAAGAGGATGCGGCA, 5'-GAAGCTGTGCTATGTTGCTCTA; VEGF- 
R2 5’-TTCCAGATGCTGGGCAAGTC, 5’-ATGACATCTTGATTGTGGCAT; 
VEGF-R3 5’-TGCATGCTGGGTGGACTATCA, 5'-GCAGGAGGAGGAAGAG- 
GAGC; f-actin 5'-GGAGGAAGAGGATGCGGCA, 5’-GAAGCTGTGCTAT- 
GTTGCTCTA. 
Proximity ligation assay. PLA was performed to image protein-protein inter- 
actions using microscopy. In brief, oligonucleotide conjugated ‘probe’ antibod- 
ies are directed against primary antibodies raised against cell-surface receptors. 
Annealing of the ‘probes’ occurs when the target proteins are in close proximity, 
which initiates the amplification ofa Texas red reporter signal. VSMCs grown on 
coverslips were starved for 18h and treated with 20ng ml’ PDGF, 40 ng ml! 
VEGEF or both for 7 min. Cells were washed with chilled PBS and fixed with 4% 
paraformaldehyde for 15 min, blocked and permeabilized with 5% goat serum 
(MP Biomedicals) containing 0.2% Triton, and incubated overnight with anti- 
VEGF-R2 (sc-504) and anti-PDGF-Rf (sc-432). Proximity ligation was per- 
formed according to the manufacturer’s protocol’**® using the Duolink 
Detection Kit with PLA PLUS and MINUS Probes for mouse and rabbit 
(Olink Bioscience). Hoechst stain was included in the Duolink Detection Kit 
while anti-Phalloidin Alexa488 at 1:5,000 (Invitrogen) was added during the 
detection reaction. Specimens were mounted with Vectashield mounting media 
(Vector Laboratories) and examined with an epi-fluorescence microscope 
(Olympus IX-51) under a X60 oil objective. Texas-red signal amplification 
was skeletonized in only the red channel in Metamorph Imaging Software 7.1 
(Molecular Devices) for assessment of pixel counts after applying a constant 
threshold value of —40 (termed ‘signal’ in the text). Four X60 oil fields were 
randomly chosen for analysis and averaged per condition examining four sepa- 
rate samples separately. 
Flow cytometry. Fluorescence-activated cell sorting with a FACSCaliber (BD) 
was performed using standard techniques on live cells using anti-PDGF-Ro (sc- 
338), anti-PDGF-RB (sc-432) and anti-VEGF-R2 (BD) for murine VEGF-R2. 
Alexa647-conjugated antibodies were used for detection (Invitrogen). 
MLEC isolation. MLECs were isolated from 15-week-old C57Bl/6 mice. Briefly, 
the lungs were excised from euthanized mice, minced and digested with 
1mgml ' collagenase A/dispase (Roche) in RPMI media. Digested tissue was 
filtered through a 100-j1m nylon cell strainer (BD), and the cell suspension was 
plated onto collagen-coated dishes. After 3 days, endothelial cells were isolated 
by immunoselection using Dynal magnetic beads (Invitrogen) conjugated with 
5 ug anti-mouse CD-31 and CD-102. Cells were propagated in EBM-2 media 
supplemented with EBM-2 microvascular SingleQuots (Lonza). 
CAM angiogenesis assay. Chick CAM experiments have been previously 
described”’. Inhibitors were applied to CAMs 24h before treatment with growth 
factor. 
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Murine Matrigel angiogenesis assay. Murine Matrigel angiogenesis experi- 
ments were performed for 7days in C57/BL6 mice under University of 
California, San Diego institutional approval using growth-factor-depleted 
Matrigel (BD) as previously described’! Inhibitors or adenovirus were applied 
with growth factors. Matrigel lysates were generated and homogenized in the 
RIPA buffer described above. For perfusion where indicated, 100 pL of Griffonia 
Lectin was injected by tail vein 5 min before Matrigel excision. 

Murine fibrosarcoma model. The procedure for generating wild-type and 
VEGF-null fibrosarcomas has been previously reported'’. Briefly, VEGE*{/*! 
murine embryonic fibroblasts (MEFs) were infected with an adenovirus expres- 
sing Cre recombinase to delete exon 3 of the VEGF gene. A total of 5 X 10° 
VEGF-null or wild-type MEFs were injected subcutaneously into C57/Bl6 mice 
and harvested after 9 days. 

Murine orthotopic pancreatic cancer model. The procedure for orthotopic 
pancreatic tumour implantation was performed as previously described”’. 
Briefly, under intraperitoneal ketamine/xylazine anaesthesia, a midline abdom- 
inal incision was made and 1 X 10° fast growing (FG) pancreatic cancer cells were 
implanted by surgical orthotopic implantation into the pancreatic tail of 6- to 
8-week-old nude mice with a 1-ml 27G1/2 latex-free syringe (Becton Dickinson). 
The incision in the abdominal wall was closed with a 6-0 surgical suture in one 
layer. Fourteen days after tumour implantation, mice were anaesthetized with 
intraperitoneal ketamine/xylazine and the peritoneal cavity was re-entered 
through the previous incision. The tumour mass was excised and snap frozen 
in liquid nitrogen while mice were euthanized by cardiac excision. Tumour 
lysates were mechanically homogenized in RIPA buffer supplemented with 
protease inhibitors (Minitab, Roche), 1mM NaOV, and 10mM PMSF and 
1 mg of protein were used for co-immunoprecipitation as described previously 
for cultured cells. 

Image analysis of vascular histological markers and transgene expression. 
Frozen tissue sections were used to generate 5-j1m cross-sections fixed in 4% 
paraformaldehyde. Sections were blocked in 5% goat serum (MP Biomedicals) 
and incubated with primary antibodies overnight. Analysis of pericyte and 
endothelial cell markers was performed using antibodies to CD-31 (BD), 
VEGF-R2 (BD), #-SMA (Sigma), PDGF-Rf (sc-432), p-PDGF-RB (Y751, sc- 
12906-R) and HA-epitope tag (Sigma). AlexaFluor-conjugated secondary anti- 
bodies (Invitrogen) were applied and slides were coverslipped with Vectashield 
mounting media (Vector Labs). Images were acquired using laser scanning con- 
focal microscopy under a X 10 objective (Nikon Clsi, Nikon Instruments). CD- 
31 quantification was performed by acquiring pixel areas from four random 
fields per condition with Metamorph software. Co-localization of pericytes 
markers with CD-31* endothelial cells was performed on similar images thre- 
sholded uniformly between experiments at values 40-60 and analysed using the 
co-localization function of Metamorph Imaging Software 7.1 (Molecular 
Devices) to identify pixels that had fluorescence intensity in both pericyte marker 
and endothelial cell marker channels equal to or greater than a set threshold 
value. The amount of co-localization, as assessed in four randomly selected X10 
fields as measured by overlapping pixel area, was expressed as a percentage. 
VEGF-R2 transgene expression was similarly assessed by comparing percentage 
overlap between ectopic truncated VEGF-R2 (by using anti-HA epitope HA tag) 
and endogenous VEGF-R2 (by using anti- VEGF-R2 raised against the C ter- 
minus, sc-504, which does not recognize truncated VEGF-R2A450C) in four 
randomly selected X10 fields. 

Statistics. One-way ANOVA with Bonferroni post-testing compared results 
between growth-factor treatments. Two-way ANOVA was used for data analysis 
when genetic or pharmacological interventions were used. An unpaired 
Student’s test was used in comparisons of VEGF*/* and VEGF ‘~ tumours. 
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Deletion of vascular endothelial growth factor in 
myeloid cells accelerates tumorigenesis 


Christian Stockmann’, Andrew Doedens', Alexander Weidemann’, Na Zhang’, Norihiko Takeda’, 
Joshua |. Greenberg”, David A. Cheresh® & Randall S. Johnson’ 


Angiogenesis and the development of a vascular network are 
required for tumour progression, and they involve the release of 
angiogenic factors, including vascular endothelial growth factor 
(VEGF-A), from both malignant and stromal cell types’. 
Infiltration by cells of the myeloid lineage is a hallmark of many 
tumours, and in many cases the macrophages in these infiltrates 
express VEGF-A’. Here we show that the deletion of inflammatory- 
cell-derived VEGF-A attenuates the formation of a typical high- 
density vessel network, thus blocking the angiogenic switch in solid 
tumours in mice. Vasculature in tumours lacking myeloid-cell- 
derived VEGF-A was less tortuous, with increased pericyte coverage 
and decreased vessel length, indicating vascular normalization. In 
addition, loss of myeloid-derived VEGF-A decreases the phosphory- 
lation of VEGF receptor 2 (VEGFR2) in tumours, even though over- 
all VEGF-A levels in the tumours are unaffected. However, deletion 
of myeloid-cell VEGF-A resulted in an accelerated tumour progres- 
sion in multiple subcutaneous isograft models and an autochthon- 
ous transgenic model of mammary tumorigenesis, with less overall 
tumour cell death and decreased tumour hypoxia. Furthermore, 
loss of myeloid-cell VEGF-A increased the  suscep- 
tibility of tumours to chemotherapeutic cytotoxicity. This shows 
that myeloid-derived VEGF-A is essential for the tumorigenic 
alteration of vasculature and signalling to VEGFR2, and that these 
changes act to retard, not promote, tumour progression. 

To test the role of myeloid-cell-derived VEGF in tumour progres- 
sion, we created an in vivo, cell-lineage-specific, targeted deletion of 
Vegfa by means of crosses of the loxP-flanked Vegfa allele’ to the 
lysozyme M promoter-driven Cre recombinase’; this expression is 
specific to cells of the myeloid lineage, including neutrophils and 
macrophages, but not dendritic cells (LysMCre/ VEGF+//+')*. This 
results in Vegfa gene excision in about 75% of isolated neutrophils, 
peritoneal macrophages’ and tumour-associated macrophages 
(Supplementary Fig. 1a). 

To determine the function of myeloid-cell-derived VEGF-A in an 
autochthonous mouse model of breast cancer, we then crossed these 
alleles to the MMTV-PyMT transgenic mouse strain’. To mitigate the 
influence of strain variation, individual transgenic alleles were back- 
crossed to a more than 99% C57BI/6J strain background (as assayed 
by single-nucleotide-polymorphism analysis). 

Because both genotypes carry the PyMT transgene, mice with a 
myeloid cell-specific deletion of Vegfa (MMTV-PyMT/LysMCre+/ 
VEGF+'/+5) will be termed mutant mice, whereas Cre-negative mice 
(MMTV-PyMT/LysMCre—/VEGF+‘/+') will be termed wild-type 
(WT) mice (Supplementary Fig. 1b). 

To determine the time point of tumour onset, mammary glands 
of virgin WT and mutant mice were palpated once a week. The first 
palpable tumour occurred at an average age of 11 weeks (Supplementary 


Fig. 1d). Tumours were removed at two different time points, and the 
total tumour burden for each mouse was evaluated. At 16 weeks, 
tumours from WT and mutant animals showed no difference in total 
tumour mass (Supplementary Fig. le). However, at 20 weeks, mutant 
mice had a significantly higher tumour burden than their WT littermates 
(Fig. la). At this point, tumours from WT animals had increased their 
total mass by almost 400% relative to the 16-week time point; tumours 
from mutants showed an increase in tumour mass of almost 600% in 
comparison with the 16-week time point. 

A quantitative analysis of proliferating cells showed that the number 
of cells staining positive for proliferating-cell nuclear antigen (PCNA) 
increased with progression to malignancy (Supplementary Fig. 1h) 
and that loss of myeloid-cell-derived VEGF-A increased proliferation 
rates significantly in the early stages of malignant transformation 
(Supplementary Fig. 1h). Immunohistological detection of polyoma 
middle T antigen and PCNA showed that the proliferating cell types 
were primarily mammary epithelium (Supplementary Fig. 1f). 

To address the question of whether the level of malignant progres- 
sion mirrored tumour mass results, we assessed tumour progression 
histologically for each time point on the basis of representative sec- 
tions from each mammary gland by using the criteria described prev- 
iously’, in a blinded fashion. As depicted in Fig. 1b, at the time point 
of 16 weeks, most mammary gland tissues from both WT and mutant 
animals were still at premalignant stages (96.2% and 89.5%, by area, 
respectively). After 20 weeks, most tissues in mutant mice had pro- 
gressed to malignant stages (early carcinoma 38.0%; late carcinoma 
52.5%). In WT animals, mammary tissues were primarily at prema- 
lignant (30.9%) and early carcinoma (50.2%) stages; a minority of 
the tissue (18.9%) possessed late-carcinomatous lesions (Fig. 1b). 
These results indicated that tumours develop more rapidly in the 
absence of macrophage-derived VEGF-A. 

Quantitative analysis of vessel density was then performed 
(Fig. lc-e and Supplementary Fig. 1g). In WT mice, premalignant 
lesions have a low vascular density, which is decreased in mutant 
mice lacking myeloid VEGF-A (Fig. 1c). Increased vascular density 
was found in tumours that had progressed to the malignant, early 
carcinoma stage, which is consistent with the occurrence of an 
‘angiogenic switch’ during the transition to malignancy (Fig. Ic). 
In late-carcinoma-stage tumours formed by multiple solid nodular 
areas, the overall vascular density was similar to that seen in the early 
carcinoma stage in WT animals. However, in mutant mice, the 
malignancy-associated increased vascularization seen in WT animals 
did not occur (Fig. 1c). The length and the tortuosity of tumour 
blood vessels were also affected by the mutation: as depicted in 
Fig. 1d, the average vessel length in tumours in WT mice increased 
as tumours progressed to malignancy, indicating that vessel elonga- 
tion has a key function in the formation ofa tumour vessel network in 
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Figure 1| Deletion of VEGF in myeloid cells results in reduced 
vascularization but accelerated progression of mammary tumours. a, Total 
tumour mass of PYMT-WT mice (n = 15) and PyYMT-mutant mice (n = 13) 
at the age of 20 weeks. P = 0.0018.The horizontal lines show mean values. 
b, Distribution of PYPMT mammary tumours at prototypical premalignant 
(PM) lesions, malignant early carcinoma (EC) and late carcinoma (LC) 
stages in percentages (means + s.e.m.) between genotypes and at the age of 
16 weeks (n = 4) and 20 weeks (PyYMT-WT n = 4, PYMT-mutant n = 9). Two 
asterisks, P < 0.01; three asterisks, P< 0.001. c, Quantitative analysis of the 


this model. Along with this increase, blood vessel tortuosity more 
than doubled in malignant lesions in WT mice (Fig. le). In tumours 
within mutant mice, there was no increase in vessel length before the 
late carcinoma stage (Fig. 1d), and vessel tortuosity never changed in 
the mutants (Fig. le). 

Gene-expression analysis of lysates of mammary tumours from mice 
at the endpoint age of 20 weeks did not reveal any increase in expres- 
sion of hypoxia markers, such as Pgk1, encoding phosphoglycerate 
kinase 1 (Supplementary Fig. 1i). However, this analysis of tumours 
did demonstrate that there was higher expression of Vegfa messenger 
RNA in tumours from mutant animals (Supplementary Fig. 1)). This 
was not mirrored by changes in VEGF-A protein, however, which did 
not vary in tumour lysates from WT and mutant animals (Fig. 1f). 

We next wished to determine whether signalling to the tumour 
endothelium was affected by the loss of myeloid-derived VEGF-A. 
VEGFR2 is a primary endothelial cell-specific receptor tyrosine kinase 
that participates in VEGF signalling. Byimmunoprecipitating VEGFR2 
from tumour lysates and probing with anti-phosphotyrosine followed 
by anti- VEGFR2 antibody by means of western blotting, we were able 
to quantify activated and total VEGFR2 from WT and mutant 
tumours. As shown in Fig. 1g, loss of myeloid-derived VEGF-A causes 
a roughly 50% decrease in the ratio of phosphorylated VEGFR2 to total 
VEGFR2 in comparison with WT tumour lysates. Decreased VEGFR2 
phosphorylation suggests that myeloid-cell-derived VEGF-A has a 
unique function in tumour vascularization that cannot be compen- 
sated for by VEGF-A from other sources within the tumour. 

To analyse these effects in fully transformed cells, we next per- 
formed experiments with subcutaneous isografts of Lewis lung car- 
cinoma (LLC) cells. LLC tumours in mutant mice lacking myeloid 
VEGE had significantly greater tumour volumes at day 12 (Fig. 2a), 
with no genotype-specific differences in tumour infiltration 
(Supplementary Fig. 2). Flow cytometric analysis demonstrated that 
macrophages were the predominant myeloid infiltrate and that levels 


P=0.3867 
c P=0.0122 P=0.0088 
200,000, "> 
T P = 0.0028 
oO 
EC LC g 
2.542.5 1.3413 g if 0.0245 
2.242.2 8.348.3 8 100,000 - + = 
50.2+8.8 18.96.5 5 
[a 
38.043.6 52.5+4.5* Oo 
ol, 
WT Mut WT Mut WT Mut 
PM EC LC 
' 0.5 
200,000- 9 
“TL 0.45 
& ai 
S tf 0.34 
© 400,000- G 
6 = 024 
? e 
ion 0.174 
0 : 6 
WT Mut WT Mut 


area in pixels covered by CD31-positive cells within a tumour section for 
each stage (n = 4). d, Development of vessel length in PYMT-tumours 
during malignant progression as determined by tracing CD31-positive 
vessels that were exposed in a longitudinal cut (n = 4). e, Analysis of vessel 
tortuosity based on CD31-stained tumour sections (n = 4). f, Quantitative 
analysis by photon emission of the VEGF signal (PyMT-WT n = 7, PyMT- 
mutant n = 4). P = 0.7678. g, Ratio of phosphotyrosine (p-Tyr) and 
VEGER2 signal intensities as a measure of receptor activation (PyMT-WT 
n= 7, PyMT-mutant n = 4). P = 0.0102. Error bars show s.e.m. 


of infiltrating macrophages and less abundant neutrophils were sim- 
ilar across genotypes (Supplementary Fig. 2). 

A significant decrease in vascular density and vessel tortuosity was 
again observed in mutant mice (Fig. 2b, c). An analysis of VEGF-A 
protein and Vegfa mRNA (Supplementary Fig. 3a, b) showed no 
significant differences between genotypes. However, when 
VEGFR2, phosphorylated VEGFR2 and the ratio of phosphorylated 
VEGFR2 to total VEGFR2 were quantified (Fig. 2d), activation of 
VEGFR2 was once again decreased by about 50% in mutant tumours 
relative to WT tumours. 

We next wished to determine the relationship between the expres- 
sion of myeloid cell VEGF and vessel normalization; to assay this, we 
immunohistologically detected pericyte coverage of tumour vessels 
and assayed the levels of pericyte coverage in the tumours (Fig. 2e). As 
shown, the loss of VEGF-A expression in the myeloid cells resulted in 
a marked increase in the level of vessel pericyte association, indicating 
that VEGF-A expression from infiltrating myeloid cells is essential for 
intratumoral loss of vessel pericyte coverage. Vessel permeability also 
decreased in tumours from mutant animals (Fig. 2f). 

Hypoxia is associated with the growth of solid tumours and with 
tumorigenic vasculature. We found that the more slowly growing WT 
tumours had higher levels of hypoxia (Fig. 3a and Supplementary Fig. 
3c) and that this occurred even in areas that were extensively vascu- 
larized (Supplementary Fig. 3c). Staining of tumour sections for 
VEGF and F4/80, a macrophage marker, demonstrates that intense 
VEGF-A immunostaining in WT tumours occurs in regions of high 
infiltration, whereas in mutant tumours VEGF-A staining is only 
found outside of infiltrated regions (Supplementary Fig. 3d); this 
shows how VEGF-A from myeloid cells could have an acute and 
localized effect on tumour vasculature. 

To determine whether the vascular changes we describe confer an 
increased susceptibility to cytotoxic agents, we administered the 
chemotherapy agent cyclophosphamide to WT and mutant LLC- 
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Figure 2 | Deletion of VEGF in myeloid cells leads to 

a normalized vasculature and higher tumour volumes in LLC. a, Growth- 
curve analysis of LLC tumours injected subcutaneously into WT and mutant 
mice (n > 7 for each group). b, Quantitative analysis of pixels corresponding 
to CD31-positive endothelial cells (n = 4). P = 0.0406. c, Determination of 
blood vessel tortuosity in LLC tumours. P = 0.0022. d, Left: immunoblotting 
for VEGFR2 and phosphotyrosine (p-Tyr) after immunoprecipitation of 
VEGFR2 from LLC tumour lysates. Centre: quantitative analysis of VEGFR2 
(upper; P = 0.7460) and phosphotyrosine (lower; P = 0.0304) signals as 
measured by photon emission. Right: ratio of p-Tyr to VEGFR2 signal 
intensities as a measure of receptor activation (WT n = 8, mutant n = 7); 
P= 0.0075. e, Left: confocal microscopy images of simultaneous 
immunodetection of endothelial cells and pericytes in LLC tumours with the 
specific markers CD31 and smooth muscle actin-x (SMA-«). Right: pericyte 
coverage as assessed by SMA-a/CD31 co-localization (n = 4). P = 0.0201. 
f, Left: fluorescent microscopy images of fluorescein isothiocyanate (FITC)- 
dextran angiography on LLC isografts. Right: ratio of extravascular to 
intravascular FITC-dextran as a measure of vascular permeability (WT 
n= 6, mutant n = 4). P= 0.0217. Error bars show s.e.m. 


tumour-bearing mice. Loss of myeloid-derived VEGF increased the 
chemotherapeutic efficacy of the treatment (Fig. 3b, c). The cyclopho- 
sphamide treatment also resulted in a significantly increased level of 
tumour cell death in mice bearing tumours lacking myeloid VEGF-A, 
as can be seen in Supplementary Fig. 3e and as quantified in Fig. 3d. 
Similar experiments performed with the cytotoxic drug cis-platinum 
gave comparable results (Supplementary Fig. 3f, g). 

To determine the differential contributions of tumour-cell and mye- 
loid-cell-derived VEGF, we next created fibrosarcoma cell lines derived 
from C57Bl/6J embryos homozygous for the conditional allele of the 
Vegfa gene. We then used Cre recombinase expression from adeno- 
virus to create matching WT (infected with control adenovirus) and 
Vegfa-null (infected with Cre recombinase-expressing adenovirus) 
tumour cell lines, and injected them subcutaneously into mice that 
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Figure 3 | Deletion of VEGF in myeloid cells results in reduced hypoxia and 


increased susceptibility of LLC tumours to cytotoxic agents. a, Quantitative 
analysis of pixels corresponding to hypoxic tumour areas (WT n = 6, 
mutant n = 4). P= 0.0112. b, Growth-curve analysis of LLC isografts from 
WT and mutant animals (n > 4 for each group) treated with 
cyclophosphamide (cycp; 170 mgkg_') at days 6, 8 and 10 after tumour 
implantation. c, Response of tumours from WT and mutant mice to 
treatment with cyclophosphamide, expressed as the percentage of treated 
tumour volume to untreated tumour volume at the specified time points. 
d, Quantitative analysis of TdT-mediated dUTP nick end labelling (TUNEL) 
positive area on cyclophosphamide-treated LLC isografts (n = 4). 

P = 0.0343. Error bars show s.e.m. 


were WT or null for myeloid VEGF-A expression. As can be seen in 
Fig. 4a, fibrosarcomas that were WT for VEGF-A expression grew faster 
and significantly larger in mice lacking Vegfa in myeloid cells, which is 
similar to what we observed in the other models described above. 
However, in agreement with previous findings from our laboratory’, 
tumours lacking VEGF-A expression grew more slowly than those 
expressing VEGF-A, when implanted into WT mice (Fig. 4a). 

When VEGF-A was absent from both the tumour and the myeloid 
compartment, tumour growth essentially collapsed, with greatly 
increased apoptosis and necrosis (Fig. 4a—f). Further, although there 
was a decrease in tumour vessel density (Fig. 4b, d) ranging from the 
highest vessel count in tumours that were WT in all tissue compart- 
ments, to the lowest in those lacking VEGF-A in tumour cells and 
myeloid cells, these values did not correspond directly to changes in 
tumour growth; rather, they demonstrate the unique role for mye- 
loid-derived VEGF-A in facilitating changes in tumour vessel func- 
tion and normalization. 

Tumour-associated macrophages have been shown to be crucial for 
malignant progression in a mouse model of breast cancer’; however, 
these studies removed macrophages completely from tumours and 
were therefore removing all of the many aspects of macrophage 
involvement in tumour progression. In isolating one of those aspects 
experimentally, we have shown that myeloid-derived VEGF-A is 
required for the formation of a high-density vessel network, that loss 
of VEGF-A from this source greatly decreases the activation of 
VEGFR2 in spite of little or no loss in total tumour VEGF-A, and that 
the absence of this increased vascular density does not hamper, but 
rather accelerates, tumour progression. 

When administered as single agents, anti-angiogenic drugs have 
produced modest objective responses in clinical trials, but overall 
these single-agent approaches have not yielded significant long-term 
survival benefits’®. In contrast, when given in combination with 
chemotherapy, antibodies targeted against VEGF-A result in an 
increase in survival in colorectal cancer patients'’. Our observations 
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Figure 4 | Effect of tumour-cell-derived versus myeloid-cell-derived VEGF 
on tumour angiogenesis and growth. a, Growth-curve analysis of wild-type 
(WT) and VEGF nullizygous (null) fibrosarcoma isografts (genotype 
labelled in black) implanted into WT mice or mutant mice (null) with a 
myeloid-cell-specific deletion of VEGF (genotype labelled in blue) (n = 4 for 
each group). b, CD34 immunostaining on fibrosarcoma isografts. 


argue that a critical mediator of this sensitization to chemotherapy lies 
in the infiltrating innate immune cells rather than in the malignant 
cells of the tumour. These findings open a new avenue for the invest- 
igation of anti-angiogenic therapies targeted to tumour-associated 
cells of the immune system. 


METHODS SUMMARY 


Transgenic mice (C57BI/6J) expressing the polyoma middle T (PyMT) oncopro- 
tein under the promoter of the mouse mammary tumour virus (MMTV) long 
terminal repeat were bred to mice (C57BI/6J) with both alleles of exon 3 of Vegfa 
flanked by loxP sites (VEGF+'/+')"?, Myeloid cell-specific knockout of VEGF was 
achieved by breeding male mice homozygous for the floxed Vegfa allele and hemi- 
zygous for the PYMT oncogene (MMTV-PyMT/ VEGF+'/ +‘) with female mice 
(C57Bl/6J) homozygous for the floxed Vegfa allele expressing Cre recombinase 
driven by the lysozyme M promoter (LysMCre+/VEGF+ ‘+ For our studies, 


c, Detection of apoptotic cells in fibrosarcomas by TUNEL staining. 

d, Quantitative analysis of CD34-positive blood vessels (n = 4). 

e, Quantification of TUNEL-positive cells (n = 4). f, Assessment of tumour 
necrosis on fibrosarcoma midline sections. Shown is the perimeter of 
necrotic areas expressed as a percentage of the total tumour perimeter 

(n = 4). Scale bars, 100 um. Error bars show s.e.m. 


we used female mice hemizygous for the PyYMT oncogene carrying two floxed veg 
alleles and positive for Cre expression (MMTV-PyMT/LysMCre+/VEGF+'/+'), 
designated as mutants, whereas female littermates negative for Cre expression 
(MMTV-PyMT/LysMCre—/VEGF+'/ +) served as WT controls. Loss of VEGF- 
A expression in myeloid cells had no effect on normal mammary development 
(Supplementary Fig. 1c). 

To generate isografts, 10” LLC cells on a BL6 background (ATCC) were injected 
subcutaneously into LysMCre—/ VEGF+'/+' (WT) and LysMCre+/VEGE+'/ +f 
mice (mutant). Mouse embryonic fibroblasts (MEFs) were isolated from WT mice. 
The transgenic MEFs were immortalized by stable transfection with SV40 large T 
antigen and then transformed with a vector expressing oncogenic mutant H-Ras 
(Val 12). Subsequently, the VEGF+'/+' MEEs were infected with an adenovirus 
expressing Cre recombinase to delete exon 3 of the Vegfa gene. A total of 5 X 10° 
VEGF-A-null or WT MEFs were injected subcutaneously into WT and mutant 
mice. Data are expressed as means = s.e.m. Statistical significance was determined 
by a two-tailed unpaired test. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Chemotherapy. The treatment with chemotherapy was started six days after injec- 
tion of 10’ LLC cells. Cisplatin (5 mg kg ') and cyclophosphamide (170 mg kg!) 
were purchased from Sigma and given intraperitoneally on alternate days until 
day 10. 

Histology, immunohistochemistry and immunofluorescence. For whole- 
mount preparation of mammary glands, the inguinal gland was removed and 
fixed in 10% phosphate-buffered formalin (Fisher Scientific) and dehydrated 
through a series of graded acetone and ethanol washes. Glands were stained for 
3h with Harris haematoxylin (VWR International), and excess stain was 
removed by washing in water. Glands were destained in acidic 50% ethanol 
and dehydrated and stored in methy] salicylate (Fisher Scientific). 

After removal, tumours were fixed in 10% formalin, zinc fixative (BD 
Pharmingen) or 4% paraformaldehyde, respectively, and then embedded in 
paraffin. For haematoxylin/eosin staining and immunostaining, 5-p1m sections 
were deparaffinized with xylene and rehydrated with graded ethanol. The 
sections were stained in accordance with routine immunohistochemistry pro- 
cedures and revealed with Vectastain ABC or ABC-AP kit (Vector Laboratories). 
Primary antibodies used for immmunohistochemistry and immunofluores- 
cence. Biotinylated rat anti-CD31 at 1:100 dilution (BD Pharmingen), rat anti- 
CD34 (Novus), biotinylated mouse anti-PCNA at 1:800 dilution (BD 
Pharmingen), biotinylated rat anti-F4/80 at 1:200 dilution (Serotec), rabbit 
anti-VEGF at 1:50 dilution (sc-152; Santa Cruz) and mouse anti-SMA-« at 
1:500 dilution (Chemicon) were used. Fluorochrome-conjugated Alexa 488 
and Alexa 555 were used as secondary antibodies (1:200 dilution). 

Pimonidazole hydrochloride (Hypoxyprobe-1) was injected intraperitoneally 
(60 mgkg | body weight) 1h before tumour removal and was detected with a 
Mouse IgG, monoclonal antibody (Mab1; Natural Pharmacia International). 

TUNEL assay (Promega) was performed in accordance with the manufac- 

turer’s instructions. 
Quantitative analysis of histological markers. For quantitative analysis of the 
distribution of immunohistochemical markers within the tumour, the midline 
sections of tumours were photographed into TIFF images with a Leica DMR 
microscope and SPOT RT colour camera system (Diagnostic Instruments Inc.) 
and the area (number of pixels) with positive staining equal to or greater than a set 
threshold was measured with the Image J program; such marked areas were 
normalized by the number of images for each tumour. For comparison at different 
stages of progression, PyMT tumours were classified as described previously’. 

To determine vessel density, the vasculature marked by CD31 and CD34 was 
skeletonized with the Image J program; the area covered by blood vessels was 
measured and the number of vessels per field was determined, respectively. 

To estimate change in vessel length, the skeletonized blood vessels that showed 
up in a longitudinal cut within an image were traced along their midline and the 
number of pixels was converted into distance in millimetres with Image J. 

The tortuosity (T) of blood vessel is defined as T= L/S — 1, where Lis the length 
of the vessel of interest and S is the straight-line distance between its endpoints. 
Confocal microscopy. Co-localization of pericytes (SMA-«) endothelial cells 
(CD31) was imaged on 20-1m sections of excised LLC tumours. Images were 
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acquired with laser-scanning confocal microscopy under a 60X/1.4 numerical 
aperture oil-immersion objective (Nikon Clsi; Nikon Instruments Inc.). 

Flow cytometry. Tumours were excised and cut into small pieces before incuba- 
tion in a shaker at 37 °C at 250 r.p.m. for 2h in 0.1% collagenase A (Roche) in 
RPMI 1640 medium (Invitrogen). The resulting single-cell suspension was pel- 
leted and rinsed in PBS before treatment with hypotonic lysis buffer and passing 
through a 40-j1m cell strainer (BD Biosciences). For each condition, 10° cells 
were then incubated with Fc Block (BD Biosciences) to block non-specific FcR 
binding before labelling with fluorescently conjugated antibodies (eBiosciences) 
with standard protocols. Data were acquired on a FACSCalibur flow cytometer 
(BD Biosciences) with propidium iodide to exclude non-viable cells, and ana- 
lysed with FlowJo software (Tree Star). 

Determination of vascular permeability. FITC-dextran (200 pl; 2 MDa; Sigma) 
were injected intravenously at a concentration of 50mg ml '. After 10 min, 
tumours were removed and immediately frozen in OCT compound. 
Cryosections 10 um thick were cut, and vascular permeability was determined 
on the basis of ten randomly taken pictures from each tumour. With the use of 
Image J the edges of blood vessels were indentified and the extravascular and 
intravascular areas (numbers of pixels) covered by FITC-dextran were measured. 
To determine vascular permeability in a quantitative manner, the ratio of extra- 
vascular staining to intravascular FITC-dextran was calculated. 
Immunoprecipitation and immunoblotting. Tumours were lysed in RIPA buf- 
fer and 500 1g of lysate was used for immunoprecipitation of VEGFR2. The fol- 
lowing antibodies were used in this study: rabbit anti- VEGFR2 (55B11; Cell 
Signaling), horseradish peroxidase-conjugated anti-phosphotyrosine (4G10; 
Millipore), rabbit anti-VEGF (sc-152; Santa Cruz) and mouse anti-B-actin 
(Sigma). For quantitative analysis the membranes were scanned witha fluorescence 
scanner and the signal strength was determined with ImageQuant software. 
Determination of deletion frequency and gene expression by quantitative 
PCR. Thioglycollate-elicited macrophages as well as FACS-sorted F4/80-positive 
tumour-associated macrophages isolated from PyMT-mutant tumours were 
used for isolation of genomic DNA as described previously’. Whole tumours 
were ground to a fine powder in liquid nitrogen and subsequently homogenized 
in TRIzol reagent (Invitrogen). Total RNA was isolated in accordance with the 
manufacturer’s instructions. For real-time PCR analysis, the isolated RNA was 
reverse transcribed. For PCR reactions, TaqMan- Universal Mastermix (Applied 
Biosytems) was used. cDNA (50ng) was used as template to determine the 
relative amount of mRNA by real-time PCR (ABI Prism 7700 sequence detection 
system), using specific primers and probes with the following sequences: VEGF, 
5'-ATCCGCATGATCTGCATGG-3’ (reverse), and 5’-AGTCCCATGAAGTG- 
ATCAAGTTCA-3' (forward); VEGF probe, (6FAM)TGCCCACGTCAGAG- 
AGCAACATCAC(BHQ-1);_ PGK, 5’-TTCTTGCTGCTCTCAGTACCACA-3’ 
(reverse) and 5’-CAAATTTGATGAGAATGCCAAGACT-3’ (forward); PGK 
probe, (6FAM)TATACCTGCTGGCTGGATGGGCTTGGACT(BHQ-1) (6FAM 
is 6-carboxyfluorescein; BHQ-1 is Black hole quencher (ABI)). 

Cell culture. Cells were cultured in DMEM High Glucose medium, supplemen- 
ted with 10% fetal bovine serum, 2mM glutamine, 50Uml ! penicillin and 
100 1g ml! streptomycin. 
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DNA double-strand breaks activate a multi-functional 
genetic program in developing lymphocytes 
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DNA double-strand breaks are generated by genotoxic agents and 
by cellular endonucleases as intermediates of several important 
physiological processes. The cellular response to genotoxic DNA 
breaks includes the activation of transcriptional programs known 
primarily to regulate cell-cycle checkpoints and cell survival’>. 
DNA double-strand breaks are generated in all developing lym- 
phocytes during the assembly of antigen receptor genes, a process 
that is essential for normal lymphocyte development. Here we 
show that in murine lymphocytes these physiological DNA breaks 
activate a broad transcriptional program. This program trans- 
cends the canonical DNA double-strand break response and 
includes many genes that regulate diverse cellular processes 
important for lymphocyte development. Moreover, the expression 
of several of these genes is regulated similarly in response to geno- 
toxic DNA damage. Thus, physiological DNA double-strand 
breaks provide cues that can regulate cell-type-specific processes 
not directly involved in maintaining the integrity of the genome, 
and genotoxic DNA breaks could disrupt normal cellular func- 
tions by corrupting these processes. 

The generation of complete antigen receptor genes in developing 
lymphocytes requires assembly of the second exon through the pro- 
cess of V(D)J recombination’. This process is initiated by the recom- 
binase activating gene (Rag) endonuclease, composed of Ragl and 
Rag2, which introduces DNA double-strand breaks (DSBs) at the 
border of two gene segments and their flanking Rag recognition 
sequences (recombination signals)’. Rag cleavage occurs in cells at 
the G1 phase of the cell cycle, and the resulting pairs of coding and 
signal DNA ends are processed and joined by the non-homologous 
end-joining (NHEJ) pathway of DNA DSB repair, generating a cod- 
ing joint and a signal joint, respectively*. All developing lymphocytes 
must generate and repair several Rag DSBs as they assemble the genes 
encoding the heterodimeric B and T cell receptors. 

The cellular response to genotoxic DSBs is initiated by the ataxia 
telangiectasia mutated (Atm) serine threonine kinase’*. A central 
feature of this response is the activation of transcriptional programs, 
such as those initiated by p53, which primarily function to promote 
cell-cycle arrest and apoptosis of cells with extensive, or persistent, 
DNA breaks’. Whether physiological DSBs generally activate DSB 
responses that include these transcriptional programs has been 
unclear. In this regard, stabilization of p53 was observed only in 
NHE)-deficient, and not wild-type, thymocytes undergoing V(D)J 
recombination, suggesting that Rag DSBs may only activate tran- 
scriptional programs in a small fraction of developing lymphocytes 
in which these breaks are not efficiently repaired and thus pose a 


hazard to the cell'®. Indeed, the unopposed activation of p53 in res- 
ponse to transient Rag DSBs could lead to the unwanted apoptosis of 
developing lymphocytes that would have otherwise undergone suc- 
cessful antigen receptor gene assembly. Alternatively, all Rag DSBs 
could generally activate transcriptional pathways, including those 
that promote survival. In this regard, genotoxic DSBs have been 
shown to activate NF-«B, and, although the genes that are regulated 
by NF-«B in this setting have not been identified, in other settings 
NF-«B regulates the expression of genes with anti-apoptotic acti- 
vity”'’'?. Moreover, NF-KB promotes the expression of genes 
involved in diverse cell-type-specific processes, raising the intriguing 
possibility that genotoxic, and perhaps physiological, DSBs activate 
genetic programs with broader cellular functions’. 

Initially we wished to determine whether Rag DSBs are capable of 
activating NF-«B. To this end, we generated several NHEJ-deficient 
(Artemis /~ (Artemisis also known as Delrelc), Ku70/~ (Ku70isalso 
known as Xrcc6) and Scid (deficient in Prkdc)) v-abl-transformed pre- 
B cell lines, hereafter referred to as abl pre-B cells. G1 cell-cycle arrest 
and Rag expression can be induced in these cells using the v-abl kinase 
inhibitor, STI571 (refs 14 and 15). As these cells are NHEJ-deficient, 
Rag induction results in the accumulation of unrepaired DSBs at the 
immunoglobulin (Ig) light (L) chain k locus (Supplementary Fig. 1 
and data not shown). These DSBs lead to activation of NF-«B as 
evidenced by the increased nuclear translocation of NF-«B (primarily 
p50/p65) in STI571-treated NHEJ-deficient (Artemis ‘~, Ku70‘~ 
and Scid) abl pre-B cells as compared to STI571-treated Rag? /~ 
abl pre-B cells (Fig. la and Supplementary Fig. 2a and b). This NF- 
«B activation was partially dependent on Atm as it was significantly 
diminished in Artemis “Atm ‘~ abl pre-B cells and in Artemis /~ 
abl pre-B cells that were treated with an Atm inhibitor (Fig. la and 
Supplementary Fig. 2c). As was observed for genotoxic DSBs, NEMO 
(NF-KB essential modulator) is required for the optimal activation of 
NF-«B in response to Rag DSBs (Supplementary Fig. 2d)!*"%"”. 

To determine whether the activation of NF-«B, and possibly other 
transcription factors, by Rag DSBs leads to alterations in gene express- 
ion, we carried out gene expression profiling on three independently 
derived Rag2-’~ and Artemis ‘~ abl pre-B cells treated with STI571 
for 48h (Supplementary Fig. 3). These analyses showed that the 
expression of 364 genes was changed=twofold in all three 
Artemis ‘~ abl pre-B cells relative to the mean expression level in 
the three Rag2’~ cells (Fig. 1b, Supplementary Fig. 3a and 
Supplementary Tables 1, 2 and 3). Several of the gene expression 
changes were confirmed through quantitative real-time PCR (qRT- 
PCR) and protein expression analyses (Fig. 1c and Supplementary 
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Figs 4 and 5). These changes were not due to Artemis deficiency per se, 
as they were also observed in response to Rag DSBs generated in 
Ku70-’— and Scid (Prkdc-deficient) abl pre-B cells, but not in 
STI571-treated Artemis ‘~ Rag2’~ abl pre-B cells (Supplementary 
Fig. 6). Thus, Rag DSBs regulate the expression of a large cohort of 
genes. A significant portion of this cohort is dependent on the activa- 
tion of Atm by Rag DSBs as evidenced by the analyses of 
Artemis ’ Atm ‘~ abl pre-B cells (Fig. 1, Supplementary Figs 3-5 
and 7, and Supplementary Tables 2 and 3). Notably, however, 
approximately half of the genes are Atm-independent, demonstrating 
that proteins other than Atm can initiate responses to Rag DSBs in G1- 
phase cells. Furthermore, analyses of Artemis ‘~ abl pre-B cells 
expressing a dominant negative amino-truncated form of IkBa 
(IkBa-AN), which inhibits NF-«B activation, showed that 75 of the 
Atm-dependent gene expression changes were also NF-«B-dependent 
(Fig. 1b and c, Supplementary Figs 3 and 4, and Supplementary Table 
3). As only some of the Rag DSB-dependent genes are dependent on 
NF-«B, additional transcriptional pathways must be integrated into 
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Figure 1| Rag DSBs activate a broad genetic program. a, NF-KB EMSA of 
nuclear lysates from Rag2 ’ , Artemis ’~ and Artemis ‘" Atm ‘~ abl pre-B 
cells treated with STI571 for the indicated number of hours. NFY EMSA is 
shown as a control. Results are representative of three experiments. 

b, Schematic of gene expression changes in response to Rag DSBs by 
microarray analyses. The Atm-independent gene expression changes are 
reported in Supplementary Table 1. The Atm-dependent gene expression 
changes are reported in Supplementary Table 2 (NF-«B-independent) and 
Supplementary Table 3 (NF-«B-dependent). c, RT-PCR analysis of 
messenger RNA isolated from Rag2 ‘ ~ (white bars), Artemis ‘~ (red bars), 
Artemis ‘ Atm‘ (Art ‘Atm ‘—, grey bars) and Artemis ‘~ IxBa-AN 
(Art /~ IxBa-AN; blue bars) abl pre-B cells treated with STI571 for 0 or 48 h. 
Mean and s.d. from two experiments are shown; P values were calculated 
using a Student’s one-tailed t-test. 


820 


NATURE|Vol 456|11 December 2008 


the Rag DSB response. Thus, Rag DSBs promote a broad genetic 
program, in part, through the activation of Atm and NF-«B. 

A similar genetic program is activated by Rag DSBs in developing B 
cells in vivo. This is evidenced by gene expression profiling of purified 
B220* IgM~ bone marrow B cells, which are primarily pre-B cells, 
from Artemis ‘ and Ragl ‘ mice expressing an IgH transgene 
(Artemis ’~ IgHtg and Ragl ‘~ IgHtg, respectively; Supplementary 
Fig. 8 and Supplementary Table 4). Of the 364 Rag-DSB-responsive 
genes identified by the analysis of Artemis ’~ abl pre-B cells, 109 
showed significant changes in expression in Artemis ‘~ IgHtg pre-B 
cells, as compared to Ragl ‘ IgHtg pre-B cells (Fig. 1b, 
Supplementary Fig. 8 and Supplementary Tables 1-4). The asyn- 
chronous nature of Rag DSB induction in developing pre-B cells is 
probably responsible, in part, for the reduced magnitude and number 
of the gene expression changes in primary Artemis ‘~ IgHtg pre-B 
cells, as compared to the Artemis ‘~ abl pre-B cells. Markedly, these 
gene expression changes do lead to significant increases in the 
expression of the proteins they encode (Fig. 2a and Supplementary 
Fig. 9). That these genes are Rag DSB-responsive was further demon- 
strated by the analysis of Artemis ’ IgHtg and Ragl ‘~ IgHtg bone 
marrow interleukin (IL)-7 pre-B cell cultures. Withdrawal of IL-7 
from Artemis ‘~ IgHtg, but not from Ragl ‘~ IgHtg, bone marrow 
IL-7 cultures led to an increased accumulation of unrepaired IgL« 
coding ends and a robust upregulation in the expression of many of 
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Figure 2 | Rag DSB-dependent gene expression changes in developing B 
cells in vivo. a, Flow cytometric analyses of CD40, CD69, CD80 and CD62L 
expression by B220* IgM~ bone marrow B cells (primarily pre-B cells) from 
Ragl ‘~ IgHtg and Artemis ’~ IgHtg mice (gated as shown in 
Supplementary Fig. 8). Histograms for specific antibodies (red) and isotype 
controls (Iso, blue) are shown. b, (RT-PCR of gene expression in bone 
marrow cultures derived from Rag] ’ IgHtg and Artemis ’~ IgHtg mice 
before (+ IL-7, white bar) and 48 h after (— IL-7, red bar) the removal of IL-7. 
Mean and s.d. from two experiments are shown; P values were calculated 
using a Student’s one-tailed t-test. ¢, Percentage of Artemis ‘~ abl pre-B cells 
in the peripheral blood (PB) and bone marrow (BM) of Rag-deficient mice 
after co-injection of STI571-treated Artemis ‘" and Rag-2 ’ abl pre-B cells 
at a 1:1 ratio. The mean (line) of each set of mice analysed is indicated and P 
values were calculated using a two-tailed Wilcoxon matched-pairs test. 
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the genes that are regulated by Rag DSBs in abl pre-B cells (Fig. 2b, 
Supplementary Fig. 10 and data not shown)'*. Together, these find- 
ings demonstrate that Rag DSBs activate a broad genetic program in 
developing pre-B cells. Notably, these DNA breaks also promote gene 
expression changes in pro-B and pro-T cells, suggesting that tran- 
scriptional programs are activated by Rag DSBs in all developing 
lymphocytes (Supplementary Fig. 11). 

The genetic program induced by Rag DSBs includes genes that are 
active in many cellular processes. Several have functions that would 
be part of canonical DNA damage responses; for example, the anti- 
apoptotic proteins Pim2 and Bcl3 could antagonize pro-apoptotic 
pathways, such as those initiated by p53, promoting the survival of 
developing lymphocytes with Rag DSBs'”*'. However, this program 
also includes genes that have no known role in canonical DNA 
damage responses; instead, these genes participate in diverse pro- 
cesses, many of which are important for lymphocyte development 
and function. These include common y-chain (also known as II2rg), 
SWAP70 (SWA-70), Notch 1, CD69, CD40, CD80 (B7.1) and CD62L 
(L-selectin). Notably, CD62L, SWAP70 and CD69 have known func- 
tions in lymphocyte homing and migration, suggesting that these 
gene expression changes could regulate the localization of developing 
lymphocytes with Rag DSBs**-”*. Indeed, we observed a biased accu- 
mulation of Artemis ‘~ abl pre-B cells with Rag DSBs, as compared to 
Rag2 ’~ abl pre-B cells, in the bone marrow after co-injection of these 
cells into Rag-deficient mice (Fig. 2c and Supplementary Fig. 12). A 
similar bias was not observed in the peripheral blood of these mice 
(Fig. 2c). Moreover, inhibition of Atm signalling in Artemis ‘~ abl 
pre-B cells led to the diminished localization of these cells in the bone 
marrow (Supplementary Fig. 12c). Similar results were obtained from 
analyses of independently derived Artemis ‘" and Rag2 ‘~ abl pre-B 
cells (data not shown). Lymphocytes traverse different microenviron- 
ments as they develop in the thymus and bone marrow; our findings 
suggest that one of the functions of the Rag DSB-dependent genetic 
program may be to modulate this migration’”~®. 

We have established that persistent Rag DSBs in NHEJ-deficient 
lymphocytes activate a diverse genetic program in vitro and in vivo. In 
wild-type lymphocytes, most Rag DSBs are repaired rapidly; thus, for 
this program to regulate processes that are generally important for 
development, it must also be initiated by these transient DSBs. In this 
regard, EMSA analyses did not show a marked increase in NF-«B 
activation in wild-type abl pre-B cells undergoing V(D)J recombina- 
tion (Supplementary Fig. 13). However, this analysis might not be 
sensitive enough to detect the activation of NF-«B in response to 
transient Rag DSBs. In agreement with this notion, we found that 
NF-«B-dependent, Rag DSB-responsive genes are upregulated in an 
Atm-dependent manner in wild-type developing B cells undergoing 
V(D)J recombination (Fig. 3a and Supplementary Figs 9 and 14). 

To determine directly whether transient Rag DSBs activate tran- 
scriptional pathways, we developed a sensitive single-cell assay for NF- 
kB activation. To this end, a retroviral reporter, pMSCV-NRE-GFP, 
that contains five tandem NF-«B responsive elements (NREs) driving 
expression of the green fluorescent protein (GFP) complementary 
DNA on the antisense strand, was generated (Supplementary Fig. 
15a). pMSCV-NRE-GFP was introduced into Rag2 ’~ abl pre-B cells 
that contained the pMX-DELY retroviral V(D)J recombination sub- 
strate, hereafter referred to as Rag? ’ NRE cells (Fig. 3b and 
Supplementary Fig. 15)'*. These cells do not express significant levels 
of GFP in response to STI571, but they do upregulate GFP in an Atm- 
and NF-«B-dependent manner in response to DSBs induced by ioni- 
zing radiation (Fig. 3b and Supplementary Fig. 16). 

To determine whether transient Rag DSBs activate NF-K«B, 
Rag2 ’ NRE cells were transduced with a retrovirus encoding 
Rag2 (hereafter referred to as Rag2 ’ NRE R2 cells), which permits 
efficient V(D)J recombination after induction of Ragl expression 
(Fig. 3c and data not shown). As STI571-treated cells are not divid- 
ing, GFP produced in response to transient Rag DSBs will persist, 
marking any cell that has activated NF-KB (Fig. 3b and 
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Supplementary Fig. 15c). Notably, after 48h of STI571 treatment, 
53% of Rag2 ’ NRER2 cells were GFP* (Fig. 3b). This NF-KB 
activation was Atm-dependent, as an Atm inhibitor abrogated GFP 
expression (Fig. 3b). If NF-«B activation was stimulated by transient 
Rag DSBs, then there should be a higher level of completed rearran- 
gements in the GFP* cells. Indeed, PCR analyses demonstrated a 
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Figure 3 | NF-«B activation in response to transient Rag DSBs. a, Flow 
cytometric analyses of CD40, CD69 and CD62L expression by B220*:IgM_ 
bone marrow B cells (gated cells in dot plot) from wild type (WT) and 
Atm ‘~ mice. Histograms for the specific antibodies (red) and isotype 
control (Iso, blue) are shown. b, Flow cytometric analysis of GFP expression 
in Rag2 ’~ NRE and Rag2 ‘ NRE R2 cells treated with STI571 for 48h in 
the presence or absence of the Atm inhibitor KU-55933 (iAtm). The 
percentage of GFP™ cells is indicated. Results are representative of three 
experiments. ¢, Rag2 ’- NRE and Rag2 ’ NRER2 abl pre-B cells were 
untreated (—) or treated with STI571 for 48 h (+), and GFP* and GFP 
Rag2 ’ NRER2abI pre-B cells were isolated by flow cytometric cell sorting. 
Serial fourfold dilutions of genomic DNA from all cells were assayed for 
pMX-DEL® rearrangement by PCR (see Supplementary Fig. 15b). Results 
are representative of two experiments. CJ, coding joint. The IL-2 gene PCR is 
shown as a DNA quantity control. d, Flow cytometric analysis of CD40 and 
CD69 protein expression on GFP~ (blue histograms) and GFP” (red 
histograms) Rag-2 ’ NRE R2 cells treated with STI571 for 24 or 72h. 
Results are representative of two experiments. 
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fivefold higher level of pMX-DEL® rearrangement (coding joint, CJ, 
formation) in the GEP* cells as compared to GFP cells (Fig. 3c). 
Moreover, the GFP ~ cells showed increased expression of genes regu- 
lated by Rag DSBs, including Pim2, Bcl3, Cd40 and Cd69 (Fig. 3d and 
Supplementary Fig. 17). CD69 expression in the GFP* population 
was transient, similar to that observed in response to persistent Rag 
DSBs (Fig. 3d and Supplementary Figs 4a and 5b). Together, these 
data demonstrate that transient Rag DSBs generated during normal 
V(D)J recombination activate DNA DSB responses, including Atm 
and NF-«B, which lead to the initiation of a diverse genetic program 
in all developing lymphocytes. 

As physiological Rag DSBs activate a broad genetic program, we 
reasoned that genotoxic DSBs may also activate components of this 
program in developing lymphocytes. Indeed, treatment of STI571- 
treated Rag?’ abl pre-B cells with either ionizing radiation or 
etoposide—which both generate DNA DSBs—led to the Atm- 
dependent induction of many genes that are also induced by Rag 
DSBs (Fig. 4a, b and Supplementary Fig. 18). Furthermore, treatment 
of bone marrow from Ragl ’~ IgHtg mice with either ionizing radi- 
ation or etoposide led to a B-cell-specific (B220~), Atm-dependent 
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Figure 4 | Genotoxic DSBs promote changes in expression of lymphocyte- 
specific genes. a, RT-PCR analysis of gene expression in Rag2 ’ abl pre- 
B cells 2 h after receiving 0 Gy (white bars) or 4 Gy of ionizing radiation (IR) 
in the presence (grey bars) or absence (red bars) of the Atm inhibitor KU- 
55933 (iAtm). All cells were treated with STI571 for 24h before ionizing 
radiation. Results are the mean and s.d. from two experiments; P values were 
calculated using a Student’s one-tailed t-test. b, Flow cytometric analysis of 
CD69 expression on STI571-treated Rag2 ’~ abl pre-B cells treated with 
ionizing radiation as described in a or 2h after being treated with 5 1M 
etoposide (Etp). Results are representative of three experiments. ¢, Flow 
cytometric analysis of B220 and CD69 expression on bone marrow cells from 
Ragl ‘~ IgHtg mice 2h after irradiation (0.5 Gy) or etoposide treatment 
(5 |tM) in the presence or absence of the Atm inhibitor KU-55933. Results 
are representative of two experiments. 
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induction of CD69 expression (Fig. 4c). These findings demonstrate 
that, in developing B cells, genotoxic DSBs can induce lymphocyte- 
specific gene expression changes that are normally induced by Rag 
DSBs. 

We have shown that physiological DNA DSBs generated during 
antigen receptor gene assembly activate a broad genetic program in 
developing lymphocytes. Notably, this program is initiated by tran- 
sient Rag DSBs that are rapidly repaired during normal V(D)J recom- 
bination in all developing lymphocytes. Thus, we propose that Rag 
DSBs provide cellular cues that regulate processes—such as migra- 
tion and homing—that are integral components of normal lympho- 
cyte development. As Atm is required to activate a portion of this Rag 
DSB-dependent genetic program, we expect that the defects in the 
expression of these genes contribute to the lymphopenia observed in 
ataxia-telangiectasia. 

Our findings establish that DNA DSBs generated during physio- 
logical processes can regulate the cell-type-specific expression of 
genes that participate in functions not directly involved in maintain- 
ing genomic stability or suppressing malignant transformation. We 
speculate that DNA DSBs generated in other physiological settings, 
such as immunoglobulin class-switch recombination, meiosis and 
DNA replication, may have similar effects. Furthermore, genotoxic 
DSBs generated by agents such as ionizing radiation and chemother- 
apeutic drugs could corrupt normal cellular processes through the 
aberrant activation of these cell-type-specific genetic programs. 
Thus, the effect of DNA DSB responses on cell physiology and func- 
tion is probably more pervasive than previously appreciated. 


METHODS SUMMARY 


Standard methodologies used for cell culture, retroviral vector generation, west- 
ern blotting, Southern blotting, EMSA, gene expression profiling, PCR and flow 
cytometry are described in detail in the Methods. All v-abl-transformed pre-B 
cell lines were generated from mice harbouring the EwBcl-2 transgene as prev- 
iously described’*. Flow cytometric analyses were performed on a FACSCaliber 
(BD Biosciences) with the normalized geometric mean fluorescence intensity 
calculated as the difference between the geometric mean fluorescence for the 
specific antibody and the isotype control. Flow cytometric cell sorting (FACS) 
was performed using a FACSVantage (BD Biosciences). To generate pMSCV- 
NRE-GEP, the NF-«B responsive elements and TATA box from pNF-«B-Luc 
(Stratagene) were amplified using the following oligonucleotides: pNRE-F, 
CCAAACTCATCAATGTATCTTATCATG and pNRE-R, TACCAACAGTA- 
CCGGAATGC. This PCR product was cloned upstream of a cDNA encoding 
enhanced GFP (Clontech) on the bottom strand of pMSCV containing an IRES 
upstream of the Thyl.2 cDNA. Gene expression profiling was performed using 
the Affymetrix 430 v2.0 mouse genome microarray. To assay abl pre-B cell 
localization, cells were treated for 48h with STI571, labelled with 0.1mM 
CESE (Invitrogen) or 5mM SNARE (Invitrogen) at 37 °C for 15 min in PBS at 
2-5 X 10° ml~!, washed three times, and resuspended in DMEM at a concen- 
tration of 80 X 10° ml !. Labelled cells were then mixed in a 1:1 ratio, and a total 
of 40 X 10° cells were injected into the tail vein of each Rag-deficient mouse. 
Bone marrow and peripheral blood was collected 30-60 min after injection and 
analysed by FACS for presence of CFSE- and SNARF-labelled abl pre-B cells. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. The Atm’, Scid, Ku70 “, Artemis ‘, VH147 IgH transgenic and 
EuBcl-2 transgenic mice have been described previously'**'*’. Mice were bred 
and maintained under specific pathogen-free conditions at the Washington 
University School of Medicine and were handled in accordance to the guidelines 
set forth by the Division of Comparative Medicine of Washington University. 
Cell culture. Three independently derived Rag2 ’~ (R.1, R.2 and R.3), three 
independently derived Artemis ‘~ (A.1, A.2 and A.3), two independently 
derived Artemis ‘~" Atm~/~ (AA.1 and AA.2) and individual Scid and Ku- 
70 ‘~ y-abl-transformed pre-B cell lines containing the EpBcl-2 transgene were 
generated. The three Artemis ’~ IkBu-AN cells (A.3AN1, A.3AN2 and A.3AN3) 
were generated by standard transfection of the A.3 cells with a cDNA encoding 
Ix Bu-AN*. Expression of the IkBa-AN protein in these cells was confirmed by 
western blotting. STI571 treatments were carried out using 31M STI571 as 
previously described'*. The KU-55933 Atm inhibitor (Sigma) was used at 
15 uM, the BAY-11-7085 inhibitor (Calbiochem) was used at 20 1M, and etopo- 
side was used at 5 tM. Irradiation was carried out witha Cs!°7 source, at doses of 
either 0.5 or 4 Gy. 

Southern blotting. Southern blot analysis was performed as described prev- 
iously'**. 

Western blotting and EMSA. Western blotting was carried out as described 
previously, using an antibody to Pim2 (Santa Cruz, 1D12)°*°. The secondary 
reagent was horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG 
(Zymed). EMSAs were run as described previously and analysed using a Li- 
Cor Odyssey Infrared scanner*’. Supershifts were performed using anti-p50 
and anti-p65 antibodies (Santa Cruz, sc-114 X and sc-372 X, respectively). 
Gene expression profiling. All abl pre-B cells were collected 48 h after treatment 
with STI571. RNA was isolated using Qiagen RNeasy technology following the 
manufacturer’s instructions. Gene expression analysis was conducted using 
Affymetrix Mouse Genome 2.0 GeneChip arrays (Mouse 430 v2, Affymetrix). 
One microgram of total RNA was amplified as directed in the Affymetrix One- 
Cycle cDNA Synthesis protocol. Fifteen micrograms of amplified biotin-com- 
plementary-RNAs were fragmented and hybridized to each array for 16h at 
45 °C in a rotating hybridization oven using the Affymetrix Eukaryotic Target 
Hybridization Controls and protocol. Array slides were stained with streptavidin 
and phycoerythrin using a double-antibody staining procedure, and then 
washed using the EukGE-WS2v5 protocol of the Affymetrix Fluidics Station 
FS450 for antibody amplification. Arrays were scanned in an Affymetrix 
Scanner 3000 and data was obtained using the GeneChip Operating Software 
(Version 1.2.0.037). Data pre-processing, normalization and error modelling 
was performed with the Rosetta Resolver system (Version 6.0)”**. 

To identify differentially expressed genes between the Rag?’ and the 
Artemis ’~ abl pre-B cells, an error-weighted analysis of variance (ANOVA) 
using the Benjamini-Hochberg false discovery rate was performed using 
Rosetta Resolver. At P= 0.05, this analysis yielded 1,578 probe sets. Fold changes 
were generated in Resolver, based on the ratio of each individual cell line relative 
to the average of the three Rag2~/~ cells with 100-fold being the maximum 
change that Resolver can report. Of the 1,578 probes found using the ANOVA 
analysis, only those with a fold-change =2.0 (not including anti-correlated 


nature 


genes) in all ratios for a given genotype were considered for further analysis. A 
Venn diagram of the resulting ANOVA and fold-change data sets for each geno- 
type comparison to Rag2 ’ was then used to determine which expression 
changes were dependent on Atm and NF-«B. 

For gene expression profiling of primary developing B cells, B220* cells were 
isolated from Rag] ’~ IgHtgand Art ’ IgHtgbone marrow using Mouse Pan B 
(B220) Dynabeads from Invitrogen. RNA was isolated using the Qiagen RNeasy 
Mini Kit. Microarrays were treated as described above for the abl pre-B cells. For 
the probe sets that were identified as being differentially regulated in response to 
Rag DSBs in the abl pre-B cells, we compared the average expression in the two 
Ragl~‘~ IgHtg samples to each of the two Art‘ IgHtg samples. The probe sets 
that were not anti-correlated and changed =1.5-fold in the average of these 
comparisons are included in Supplementary Table 4. 

Flow cytometry. Flow cytometric analyses were performed using fluorescein 
isothiocyanate (FITC)-conjugated anti-CD45R/B220, allophycocyanin (APC)- 
conjugated anti-IgM, phycoerythrin (PE)-conjugated anti-CD40, PE-conju- 
gated anti-CD62L, PE-conjugated anti-CD69, and the appropriate isotype con- 
trols (BD Biosciences). 

Analysis of pMX-DEL® rearrangement. PCR was carried out as described 
previously on fourfold dilutions of genomic DNA". IL-2 PCR primers were 
IMR42 and IMR43, and the product was probed with IMR042-2, all of which 
have been described previously!. Primer sequences for pMX-DEL® are as fol- 
lows: pA, CACAGGATCCCACGAAGTCTTGAGACCT; pB, ATCTGGATCC- 
GTGCCGCCTTTGCAGGTGTATC; pD, AGACGGCAATATGGTGGA. 
qRT-PCR gene expression analysis. qRT-PCR was performed using a 
Stratagene Mx3000P real-time PCR machine and Platinum SYBR Green qPCR 
SuperMix-UDG (Invitrogen). PCRs were carried out using the following pro- 
gram: 95 °C, 30s; 55 °C, 60s; 72 °C, 30s; 40 cycles. Relative expression is calcu- 
lated as the difference between expression of B-actin (C1) and expression of the 
gene of interest (C2), using the equation relative expression = 2” ‘©! ?, C is 
the PCR cycle in which the product detection curve becomes linear. Primers are 
listed in Supplementary Table 5. 
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ERRATUM 


doi:10.1038/nature07622 

Sex determination involves synergistic 
action of SRY and SF1 on a specific Sox9 
enhancer 

Ryohei Sekido & Robin Lovell-Badge 


Nature 453, 930-934 (2008) 


The Supplementary Methods for this Letter should have been 
uploaded at the time of publication. This oversight has now been 
rectified. 
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RETRACTION 


doi:10.1038/nature07645 
The RNA-binding protein FCA is an abscisic 
acid receptor 


Fawzi A. Razem, Ashraf El-Kereamy, Suzanne R. Abrams 
& Robert D. Hill 


Nature 439, 290-294 (2006) 


Portions of the work repeated with respect to abscisic acid (ABA) 
binding have revealed errors in the calculations associated with Fig. 1, 
with the result that the molar ratio of ABA bound to FCA is substan- 
tially lower than claimed. There are also difficulties with the data in 
Fig. 2a, b that arose from the preparation of FY. We conclude that 
there is no effect of ABA on the FCA-FY interaction, and therefore 
requested to retract this paper on 14 July 2008. See the Brief 
Communication Arising in this issue’. 


1. Risk, J. M., Macknight, R. C. & Day, C. L. FCA does not bind abscisic acid. Nature 
doi:10.1038/nature07646 (this issue). 
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Advances in imaging are allowing researchers to gain better insights into the function of tissues, cells and 
even individual molecules. Nathan Blow examines the latest technologies lighting the way. 


Competition is often a stimulus for change. 
But a competition can also be a mirror of a 
technology’s evolution. Take the annual Nikon 
International Small World Competition and 
the Olympus BioScapes International Dig- 
ital Imaging Competition, for example: these 
events give scientists from around the world 
the opportunity to submit their best photo- 
graphed microscopy images for judging by 
panels of experts. 

This year, the winner of the Small World con- 
test, announced in mid-October, was Michael 
Stringer from Westcliff-on-Sea, UK, for a multi- 
colour, dark-field image of marine diatoms. 
The winner of the 2008 BioScapes contest was 
Spike Walker of Penkridge, UK, using Rhein- 
berg illumination of a fairy fly wasp. Entrants 
in these competitions are using everything 
from conventional stereomicroscopes to the 
latest in laser-scanning confocal instrumen- 
tation, in some cases with different coloured 
fluorophores and the newest three-dimensional 
rendering software, to obtain images ranging 
from Stringer’s diatoms, to a growing bundle of 
carbon nanotubes, to colourful pictures of indi- 
vidually labelled neurons in a mouse brain. 

According to Eric Flem, director of the 
Nikon competition — now in its 34th year — 
the size and scope of the contest has grown 
exponentially in recent years, something he 
attributes to advances in the underlying imag- 
ing technology. “Imaging has become so much 
easier to do and so much more powerful — it 
is the norm rather than the exception in most 
scientific fields these days,” he says. 


Probing questions 

Researchers often use a little beacon of light, 
a fluorophore, to see the inside world of the 
cell. Although a great number and range of 
fluorescent proteins are currently available 
for this purpose, improving these to meet the 
expanding needs of cell biologists can be quite 
a challenge for developers. 

“Often improvements in one characteristic 
of a fluorescent protein can be reached,’ says 
Ilya Kelmanson, head of the product depart- 
ment at fluorescent-protein developer Evrogen 
in Moscow, “but usually at the expense of 
another important parameter.” An example of 
this is monomerization of fluorescent proteins, 
which helps in tagging proteins within the cell, 
but will generally result in a decrease in the 
fluorescence intensity. To deal with this, Evro- 
gen often maintains different lines of fluorescent 
proteins: bright dimeric probes (made of two 
monomers) used for cell-labelling applications, 
and less-bright monomeric versions for tagging 


Fluorescent probes and dyes can be used to image the inner world of the cell. 


purposes. Kelmanson says that Evrogen is 
developing a third line of fluorescent proteins 
that will consist of tandem versions of dimeric 
fluorescent proteins that have stronger fluo- 
rescence than their monomeric counterparts, 
and good performance and brightness as fusion 
partners with other proteins. 

There are many types of fluorescent proteins 
that emit in the middle range of the light spec- 
trum — green to yellow. But it is a different 
story at the far ends of the spectrum. “We still 
do not have good fluorescent proteins emitting 
in the near-infrared range,’ says Kelmanson. 
Probes in this range could be very useful for 
whole-body imaging applications and mulkti- 
colour labelling experiments, he says. 

“People are moving away from the blue and 
the green excitation wavelengths and into the 
red and near-infrared,” says Martin Hoppe, 
a market manager at microscope developer 
Leica Microsystems in Wetzlar, Germany. He 
says that using fluorescent proteins with longer 
excitation wavelengths helps researchers when 
it comes to live-cell imaging applications — an 
area of keen interest for most cell biologists (see 
‘Light activated’) — because these wavelengths 
tend to be less damaging to cells. Newer dyes 
have been optimized for near-infrared excita- 
tion. One of these, mCherry, one of the ‘fruit 
fluorescent proteins’ developed in the lab of 
Roger Tsien at the University of California, 
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San Diego — who shared the 2008 Nobel Prize 
in Chemistry for the discovery and develop- 
ment of green fluorescent protein — is now 
offered by Clontech in Mountain View, Cali- 
fornia, along with several fluorescent proteins 
derived from reef corals. 

Developing fluorescent proteins at longer 
wavelengths, particularly for fluorescence 
resonance energy transfer (FRET) applica- 
tions, which are used to measure interactions 
between two proteins in vivo, “has been a 
challenge’, says George Hanson, a principal 
scientist working on cell signalling at Life Tech- 
nologies (formerly Invitrogen) in Eugene, Ore- 
gon. Although a challenge, there are potential 
benefits — FRET efficiency grows and back- 
ground fluorescence decreases when using 
longer wavelength fluorophores, according to 
Kelmanson. 

Still, the development of fluorescent proteins 
that excite at longer wavelengths is only part of 
the issue for those interested in applying these 
fluorophores to their FRET studies. Although 
there are many cyanine to yellow FRET pairs 
available along with filters and instrument- 
ation preset for reading their interactions, the 
use of more red-shifted fluorescent protein 
pairs might take time as optimal parameters 
and appropriate microscopy hardware and 
software will need to be developed. 

At Life Technologies, Hanson has been working 
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Fluorescence switching is key to single-molecule 
imaging methods such as PALM and STORM. 


to advance the use of FRET in high-throughput 
screening applications. Here, the challenge of 
obtaining a strong FRET signal is cuicial to over- 
coming any background fluorescence. Because 
the simple approach of making a brighter fluo- 
rescent protein can be time-consuming, another 
approach, being used by a number of developers, 
is to take advantage of the ‘states’ — the differ- 
ences between the excitation and emission — 
of a fluorescent protein. Time resolved FRET 
(TR-FRET) uses long-lived fluorophores that 
exhibit a time delay between their excitation 
and emission, minimizing potential interfer- 
ence from background fluorescence. Several 


companies now offer TR-FRET platforms for 
cellular interaction assays, including Life Tech- 
nologies, Cisbio in Bedford, Massachusetts, 
Covalys of Witterswill, Switzerland, and Perk- 
inElmer located in Waltham, Massachusetts. 


Quantum of happiness 

Another route to fluorescence is provided 
by quantum dots, which “present better 
photostability than organic dyes and allow 
for increased multiplexing capability’, says 
Stephen Chamberlain, manager of business 
development at Life Technologies. 

Quantum dots are composed of a semicon- 
ductor core shell surrounded by an exterior 
coating. What makes them unique as fluoro- 
phores is their ability to be excited by a single 
wavelength of light — the emission from a 
quantum dot is dictated by the size of its core 
shell. As the size of the core shell can be var- 
ied to obtain different light-emission spectra, 
quantum dots present a particularly interesting 
solution for researchers interested in experi- 
ments using multiple coloured fluorophores. 

But unlike fluorescent proteins, quantum 
dots are not genetically encodable, which has 
been a stumbling block to more widespread 
usage. “It is hard to get them into the cell? says 
Alice Ting, a chemist at the Massachusetts 
Institute of Technology in Cambridge, who has 
been working with quantum dots for several 
years. “And then once inside, how do you target 
them to a specific protein?” 

Most researchers and developers are looking 
towards the outer coating for targeting. At Life 
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Technologies, says Chamberlain, they place a 
polymer coating around the core shell of their 
Qdot Nanocrystals along with an additional layer 
of polyethylene glycol on top of the polymer coat- 
ing to reduce the sticking together of the Qdots, 
and to provide a surface for the attachment of 
antibodies and other molecules for targeting. 

Despite the challenges of targeting, quantum 
dots are now being tried in a number of imag- 
ing applications. Chamberlain says that like 
their organic-dye counterparts 20 years ago, 
researchers are still in the process of developing 
robust application protocols for quantum dots. 
Although quantum dots can be used for FRET 
applications, much like fluorescent proteins, 
they tend to make better donors in a FRET irter- 
action because they can be excited by light that is 
blue-shifted relative to their emission. They are 
being used for in vivo imaging applications, such 
as looking at blood vasculature, because of their 
high residence times and ability to excite in the 
near-infrared region of the spectrum. 

Ting says using quantum dots for single- 
molecule imaging is a much more straightfor- 
ward application at the moment, although the 
issues of delivery and targeting still exist, and 
several groups are now taking advantage of the 
greater brightness of quantum dots to track the 
movement of single molecules within cells. 


Microscopes respond 

As the types and range of applications of 
fluorescent probes and quantum dots continue 
to grow, developers of confocal microscopes 
have been working hard to keep instrumentation 


LIGHT ACTIVATED 


When scientists first discovered 
light-absorbing molecules — in 
microorganisms — that could 
control the flow of ions into a 

cell, many researchers became 
interested in comparing how these 
proteins differed from their visual 
pigment counterparts. But Karl 
Deisseroth at Stanford University 
in California saw something else 
in these light-activated channels 
— apotential tool to dissect the 
function of the brain. 

Deisseroth — along with 
Edward Boyden, his postdoctoral 
fellow at the time, now at the 
Massachusetts Institute of 


Karl Deisseroth develops optogenetic methods for controlling neural activation. 


cells with channelrhodopsin-2 
responded to the light stimulation, 
opening the channel and initiating 
the flow of ions, which resulted 
in an action potential in those 
neurons’. Deisseroth says that 
one of the most pleasant surprises 
to emerge from that first series 
of experiments turned out to 
be the precision of the system. 
“Even though these molecules are 
not designed to generate action 
potentials and work on this time 
scale in neurons," he says, “it turns 
out that they can.” 

This result led to the start of a 
new field, coined ‘optogenetics’ 


Technology in Cambridge, 


by Deisseroth in 2006, where 


and his graduate student Feng 
Zhang — collaborated with 
microbiologists to hunt for these 
light-activated channels from 
various species. “I come froma 
synaptic physiology background, 
so we just sequentially tried these 
and other proteins to find the 
ones that worked the best,” says 
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Deisseroth. It was a collaboration 
with Georg Nagel and Ernst 
Bamberg at the Max Planck 
Institute of Biophysics in Frankfurt, 
Germany, who supplied a clone of 
a gene called channelrhodopsin-2 
from Chlamydomonas reinhardtii 
to Deisseroth that opened the 
floodgates. 


Channelrhodopsin-2 is a gated 
light-sensitive cation channel 
that uses a molecule of all-trans 
retinal to absorb photons. When 
Deisseroth, Boyden and Zhang 
expressed channelrhodopsin-2 
in hippocampal neurons in the 
mouse brain then shone blue 
light on the region, they found the 
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researchers are combining optics 
with genetics to explore the 
workings of neural circuits. In the 
years since the first description of 
channelrhodopsin-2, Deisseroth's 
lab has gone on to advance the 
system and develop new probes. 
The team identified and developed 
two more light-activated 
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up to the challenge. “In general, researchers are 
still requesting the same three things: higher 
speed, better signal-to-noise and lower toxic- 
ity,” says Michael Davis, a confocal product 
manager from Nikon Instruments in Melville, 
New York. But he is quick to add that there 
are several emerging fluorescent-protein tech- 
niques that have required more sophisticated 
confocal technology. 

Davis says more researchers are now using 
photoactivatable and photoconvertible pro- 
teins in their research. The idea here is to use 
a specific wavelength of light to excite the fluo- 
rescent protein, which can then be turned off, 
in the case of photoactivatable proteins, or 
even converted to another colour, in the case 
of photoconvertible proteins, with a different 
wavelength of light. Evrogen now offers both 
kindling red fluorescent protein (KFP-Red), 
which can be either reversibly or irreversibly 
activated for either short or long-term protein 
tracking in a cell, and PS-CFP2, which is a 
photoconvertible protein that will switch from 
cyan to green in response to light activation. 
And MBL International in Woburn, Massa- 
chusetts, offers the photoconvertible proteins 
CoralHue Kaede and CoralHue Kikume, 
which convert from green to red in response 
to light activation. 

The development of these fluorescent pro- 
teins has led to dual scanning systems for 
confocal microscopes, allowing for the simul- 
taneous imaging and activation of photoacti- 
vatable and photoconvertible proteins, along 
with new spectral imaging technologies that 


can accurately assay a broad 
range of possible spectral 
emissions. 

Another trend int he 
development of confocal 
instrumentation is the emer- 
gence of resonance scanners. 
“People would like to see the 
resolution they get out of a 
point scanner, but with the 
speed of a field scanner,’ says 
Davis. Several developers 
hope that resonance scanning 
will bridge this divide. With 
a resonance-scanning confo- 
cal system, the scanner mir- 
rors are moved at extremely 
high frequencies, permitting 
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Stefan Hell developed the STED 
imaging approach. 


The ability of a fluorescent 
protein or a dye to switch 
states is also at the heart of an 
emerging field in microscopy. 
“Fluorescence switching is the 
common basis to all super- 
resolution methods that have 
been devised so far,” says Ste- 
fan Hell, director of the Max 
Planck Institute for Biophysi- 
cal Chemistry in Gottingen, 
Germany, who created a 
super-resolution imaging 
method known as stimulated 
emission depletion (STED) 
‘nanoscopy. 

Before super-resolution 
imaging, the resolution limit 


a 


much higher frame rates and 

minimizing the time the scanner dwells at 
any particular point in the sample, allowing 
researchers to study more dynamic events in 
a cell while reducing the effects of phototoxic- 
ity on it. Both Nikon and Leica Microsystems 
have introduced resonance-scanning confocal 
systems in recent years. 


Small switches 

Although dual imaging and faster scanning are 
enhancing fluorescence imaging, the next step 
in improving the optical resolution of micro- 
scopes might require all developers to look 
more closely at the properties of those fluores- 
cent proteins. “Optics alone can only provide 
resolution to a certain limit,” says Davis. 


of optical microscopy was 
thought to be determined by the diffrac- 
tion barrier of light. For example, in a high- 
resolution confocal microscope, a beam of light 
is focused down to a spot on the focal plane of 
about 200 nanometres in size. Because all mal- 
ecules within that spot are excited in parallel, 
the spatial resolution is limited to about this 
value. Hell’s approach with STED was to use 
the transition states of fluorophores, or their 
photoswitching capabilities, to effectively 
reduce the size of that spot — potentially all 
the way down to a single molecule. In a STED 
microscope, the focal spot is overlapped with 
a ring of light that switches off fluorescence 
everywhere in the spot except at the centre 
of the ring. The outcome is a much smaller 
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molecules for optogenetic 
control of neurons. These were 
an inhibitor called halorhodopsin, 
and a Volvox channelrhodopsin 
that can also initiate neuronal 
activity, but is more than 100 
nanometres red-shifted from 
the peak of the Chlamydomonas 
channelrhodopsin, allowing 
separable channels of optical 
control. They also developed 
various targeting strategies 

to get channels expressed in 


specific neuronal cell types and 
populations, and fibreoptic/laser- 
diode hardware for adaptation to 
mammals. 

The growing number of 
researchers interested in applying 
optogenetic approaches to their 
particular research questions has 
led to an unexpected effort within 
Deisseroth's lab. “Technology 
distribution and helping other 
researchers has been another 
big part of what we are doing,” 
says Deisseroth. His lab 


retinal in the brains of mice 
for the channels to function 


properly, invertebrates 


must be supplemented with 


all-trans retinal through 


their diet to achieve channel 


activation. 


As the basic use of these 


light-activated channels 


for studying brain function 


and circuitry gains more 


traction in the neuroscience 


community, Deisseroth 
is taking the technology a 


Light is used to openion channels and 
activate specific neurons in the brain. 


Mouse brain neurons can be stimulated by light 
from fibre-optic cables attached to the animal. 


has supplied clones of 
the channels to more 
than 300 other labs 
around the globe for use 
in organisms ranging 
from mice to fruitflies. 
Although the channels 
have worked in every 
species tried thus far, 

in some cases, minor 
modifications have been 
required. Although there 
is sufficient all-trans 


step further. He sees patients at 
Stanford Medical School and, using 
optogenetic approaches, his lab 
establishes different animal models 
of neuropsychiatric disease. 

“We now have models of 
Parkinson's disease, depression and 
altered social behaviour relevant 
to autism," notes Deisseroth. In 
all of these disorders, the circuit 
dynamics are not working well, 
so Deisseroth’'s goal is to use his 
optogenetic models to deconstruct 
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the neural circuitry in an attempt to 
better understand which parts of 
the brain are functioning properly, 
and which are not, in the different 
disease states. 

With the ability to work on a wide 
range of organisms, an expanding 
tool kit, and growing interest among 
researchers, Deisseroth sees even 
greater possibilities for the system. 
“Inthe end, if you can get the gene 
in, along with the proper light, it 


works very well.” N.B. 
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LEICA MICROSYSTEMS 


fluorescence spot that, when scanned across 
the specimen, gives super-resolution images 
automatically. 

“STED was the first concept that really 
showed you could go beyond the barrier of 
half the wavelength of light in the focal plane,’ 
says Hell. More and more super-resolution 
approaches are starting to be described in sci- 
entific journals as researchers see the potential 
of the method. 

For detecting single molecules in cells, 
William Moerner, a chemist at Stanford Uni- 
versity, says photoswitching of single mol- 
ecules has created a real sense of excitement 
in the community. By exploiting the ability of 
fluorophores to switch states, researchers can 
work with high concentrations of labelling 
products — crucial for imaging of structures. 
And, by having most of the labelled molecules 
‘off’ and only a few on at a given moment, they 
can improve the resolution down to that single- 
molecule level of detection. 

This premise is at the heart of several 
newer super-resolution approaches. These 
include photoactivated localization micros- 
copy’ (PALM) developed by Eric Betzig at the 
Howard Hughes Medical Institute’s Janelia 
Farm Research Campus in Ashburn, Virginia, 
and his colleagues; fluorescence-PALM, devel- 
oped by Samuel Hess and his colleagues at the 
University of Maine in Orono’; and stochastic 
optical reconstruction microscopy’ (STORM), 
developed by Xiaowei Zhuang and her col- 
leagues at Harvard University. These methods 
can now image structures in cells at a resolu- 
tion far below 200nanometres. 

Even though fluorophores are used in all these 
methods, both new and old photoswitchable 
molecules are proving useful for super- 
resolution imaging. Although Moerner and his 
colleagues recently used the readily available 
enhanced yellow fluorescent protein (EYFP) 
to image proteins at a resolution of less than 40 
nanometres in Caulobacter crescentus’, he is also 
involved with the National Institutes of Health 


Molecular Imaging Exploratory 
Center programme in which his 
group, along with others at Stanford 
University and Kent State Univer- 
sity in Kent, Ohio, are developing 
new dyes and fluorophores specifi- 
cally for single-molecule imaging. 
The centre's efforts are starting to 
pay off. Researchers there recently 
invented a new class of photo- 
switchable molecules based on the 
switching of an azide functional 
group to an amine when exposed 
to activating light beams’, as well as 
covalently linking cyanine dyes to a 
molecule to improve switching per- 
formance in STORM experiments. 
“Although I know that many groups 
are working to optimize fluorescent 
proteins for switching, now the 
community can work on optimizing 
small molecules for switching 


Organelle-specific probes can illuminate cellular structures. 


as well? says Moerner. 


Higher resolution for all 
For those researchers interested in breaking 
the diffraction barrier in their own research, 
the road to super resolution will become easier 
in the coming years. “Initially, I think there 
was quite a reluctance to believing that you 
would get super resolution,” says Hell. When 
he started developing STED microscopy, the 
initial system relied on a series of flexible 
lasers, creating a complex system that many 
outside researchers initially thought would 
be required for any STED imaging applica- 
tion. But today, Hell says the development of 
laser systems that are easier to use and have 
the right light structure to perform STED, 
alongside ever-improving confocal systems 
with their spectral-imaging capabilities for 
those interested in the PALM and STORM 
approaches, are encouraging researchers to 
try super-resolution imaging. 

Leica Microsystems is the only company 
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Leica Microsystems recently developed a commercial version of Stefan Hell’s STED platform. 
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to offer STED capability for super-resolution 
imaging. The Leica TCS STED Superresolution 
Microscope is a broad-band confocal platform 
with multi-photon capability that integrates the 
STED concept, allowing users to obtain reso- 
lutions of better than 100 nanometre. Hoppe 
says that it took four years for the company to 
develop a STED system that was both stable 
and user-friendly. 

“For STED to work, the two beams — for 
excitation and depletion — need to be perfectly 
aligned in space and time,’ says Hoppe. This is 
crucial to super resolution with STED — if the 
lasers are out of alignment, researchers cannot 
obtain super-resolution imaging. 

To deal with this, engineers at Leica devel- 
oped fully automated beam-correction 
functionality on the TCS STED system. If 
an environmental factor — for example, the 
temperature of the room — changes, research- 
ers can simply push a button and the system 
realigns the two lasers automatically. 

Advances in fluorescent probes and micro- 
scope instrumentation are pushing resolution 
barriers and multicolour imaging possibili- 
ties. So this year, as microscopists around 
the globe submit the amazing pictures they 
capture of the cellular world to those annual 
imaging contests — to the delight of scientists 
and the public alike — many of those same 
entries could produce fundamental insights 
into the inner workings of the cell at a level 
of resolution that previously had not been 
possible. The future is bright. a 
Nathan Blow is the technology editor for 
Nature and Nature Methods. 
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to advance the use of FRET in high-throughput 
screening applications. Here, the challenge of 
obtaining a strong FRET signal is cuicial to over- 
coming any background fluorescence. Because 
the simple approach of making a brighter fluo- 
rescent protein can be time-consuming, another 
approach, being used by a number of developers, 
is to take advantage of the ‘states’ — the differ- 
ences between the excitation and emission — 
of a fluorescent protein. Time resolved FRET 
(TR-FRET) uses long-lived fluorophores that 
exhibit a time delay between their excitation 
and emission, minimizing potential interfer- 
ence from background fluorescence. Several 


companies now offer TR-FRET platforms for 
cellular interaction assays, including Life Tech- 
nologies, Cisbio in Bedford, Massachusetts, 
Covalys of Witterswill, Switzerland, and Perk- 
inElmer located in Waltham, Massachusetts. 


Quantum of happiness 

Another route to fluorescence is provided 
by quantum dots, which “present better 
photostability than organic dyes and allow 
for increased multiplexing capability’, says 
Stephen Chamberlain, manager of business 
development at Life Technologies. 

Quantum dots are composed of a semicon- 
ductor core shell surrounded by an exterior 
coating. What makes them unique as fluoro- 
phores is their ability to be excited by a single 
wavelength of light — the emission from a 
quantum dot is dictated by the size of its core 
shell. As the size of the core shell can be var- 
ied to obtain different light-emission spectra, 
quantum dots present a particularly interesting 
solution for researchers interested in experi- 
ments using multiple coloured fluorophores. 

But unlike fluorescent proteins, quantum 
dots are not genetically encodable, which has 
been a stumbling block to more widespread 
usage. “It is hard to get them into the cell? says 
Alice Ting, a chemist at the Massachusetts 
Institute of Technology in Cambridge, who has 
been working with quantum dots for several 
years. “And then once inside, how do you target 
them to a specific protein?” 

Most researchers and developers are looking 
towards the outer coating for targeting. At Life 
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Technologies, says Chamberlain, they place a 
polymer coating around the core shell of their 
Qdot Nanocrystals along with an additional layer 
of polyethylene glycol on top of the polymer coat- 
ing to reduce the sticking together of the Qdots, 
and to provide a surface for the attachment of 
antibodies and other molecules for targeting. 

Despite the challenges of targeting, quantum 
dots are now being tried in a number of imag- 
ing applications. Chamberlain says that like 
their organic-dye counterparts 20 years ago, 
researchers are still in the process of developing 
robust application protocols for quantum dots. 
Although quantum dots can be used for FRET 
applications, much like fluorescent proteins, 
they tend to make better donors in a FRET irter- 
action because they can be excited by light that is 
blue-shifted relative to their emission. They are 
being used for in vivo imaging applications, such 
as looking at blood vasculature, because of their 
high residence times and ability to excite in the 
near-infrared region of the spectrum. 

Ting says using quantum dots for single- 
molecule imaging is a much more straightfor- 
ward application at the moment, although the 
issues of delivery and targeting still exist, and 
several groups are now taking advantage of the 
greater brightness of quantum dots to track the 
movement of single molecules within cells. 


Microscopes respond 

As the types and range of applications of 
fluorescent probes and quantum dots continue 
to grow, developers of confocal microscopes 
have been working hard to keep instrumentation 


LIGHT ACTIVATED 


When scientists first discovered 
light-absorbing molecules — in 
microorganisms — that could 
control the flow of ions into a 

cell, many researchers became 
interested in comparing how these 
proteins differed from their visual 
pigment counterparts. But Karl 
Deisseroth at Stanford University 
in California saw something else 
in these light-activated channels 
— apotential tool to dissect the 
function of the brain. 

Deisseroth — along with 
Edward Boyden, his postdoctoral 
fellow at the time, now at the 
Massachusetts Institute of 


Karl Deisseroth develops optogenetic methods for controlling neural activation. 


cells with channelrhodopsin-2 
responded to the light stimulation, 
opening the channel and initiating 
the flow of ions, which resulted 
in an action potential in those 
neurons’. Deisseroth says that 
one of the most pleasant surprises 
to emerge from that first series 
of experiments turned out to 
be the precision of the system. 
“Even though these molecules are 
not designed to generate action 
potentials and work on this time 
scale in neurons," he says, “it turns 
out that they can.” 

This result led to the start of a 
new field, coined ‘optogenetics’ 


Technology in Cambridge, 


by Deisseroth in 2006, where 


and his graduate student Feng 
Zhang — collaborated with 
microbiologists to hunt for these 
light-activated channels from 
various species. “I come froma 
synaptic physiology background, 
so we just sequentially tried these 
and other proteins to find the 
ones that worked the best,” says 
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Deisseroth. It was a collaboration 
with Georg Nagel and Ernst 
Bamberg at the Max Planck 
Institute of Biophysics in Frankfurt, 
Germany, who supplied a clone of 
a gene called channelrhodopsin-2 
from Chlamydomonas reinhardtii 
to Deisseroth that opened the 
floodgates. 


Channelrhodopsin-2 is a gated 
light-sensitive cation channel 
that uses a molecule of all-trans 
retinal to absorb photons. When 
Deisseroth, Boyden and Zhang 
expressed channelrhodopsin-2 
in hippocampal neurons in the 
mouse brain then shone blue 
light on the region, they found the 
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researchers are combining optics 
with genetics to explore the 
workings of neural circuits. In the 
years since the first description of 
channelrhodopsin-2, Deisseroth's 
lab has gone on to advance the 
system and develop new probes. 
The team identified and developed 
two more light-activated 
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up to the challenge. “In general, researchers are 
still requesting the same three things: higher 
speed, better signal-to-noise and lower toxic- 
ity,” says Michael Davis, a confocal product 
manager from Nikon Instruments in Melville, 
New York. But he is quick to add that there 
are several emerging fluorescent-protein tech- 
niques that have required more sophisticated 
confocal technology. 

Davis says more researchers are now using 
photoactivatable and photoconvertible pro- 
teins in their research. The idea here is to use 
a specific wavelength of light to excite the fluo- 
rescent protein, which can then be turned off, 
in the case of photoactivatable proteins, or 
even converted to another colour, in the case 
of photoconvertible proteins, with a different 
wavelength of light. Evrogen now offers both 
kindling red fluorescent protein (KFP-Red), 
which can be either reversibly or irreversibly 
activated for either short or long-term protein 
tracking in a cell, and PS-CFP2, which is a 
photoconvertible protein that will switch from 
cyan to green in response to light activation. 
And MBL International in Woburn, Massa- 
chusetts, offers the photoconvertible proteins 
CoralHue Kaede and CoralHue Kikume, 
which convert from green to red in response 
to light activation. 

The development of these fluorescent pro- 
teins has led to dual scanning systems for 
confocal microscopes, allowing for the simul- 
taneous imaging and activation of photoacti- 
vatable and photoconvertible proteins, along 
with new spectral imaging technologies that 


can accurately assay a broad 
range of possible spectral 
emissions. 

Another trend int he 
development of confocal 
instrumentation is the emer- 
gence of resonance scanners. 
“People would like to see the 
resolution they get out of a 
point scanner, but with the 
speed of a field scanner,’ says 
Davis. Several developers 
hope that resonance scanning 
will bridge this divide. With 
a resonance-scanning confo- 
cal system, the scanner mir- 
rors are moved at extremely 
high frequencies, permitting 
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Stefan Hell developed the STED 
imaging approach. 


The ability of a fluorescent 
protein or a dye to switch 
states is also at the heart of an 
emerging field in microscopy. 
“Fluorescence switching is the 
common basis to all super- 
resolution methods that have 
been devised so far,” says Ste- 
fan Hell, director of the Max 
Planck Institute for Biophysi- 
cal Chemistry in Gottingen, 
Germany, who created a 
super-resolution imaging 
method known as stimulated 
emission depletion (STED) 
‘nanoscopy. 

Before super-resolution 
imaging, the resolution limit 


a 


much higher frame rates and 

minimizing the time the scanner dwells at 
any particular point in the sample, allowing 
researchers to study more dynamic events in 
a cell while reducing the effects of phototoxic- 
ity on it. Both Nikon and Leica Microsystems 
have introduced resonance-scanning confocal 
systems in recent years. 


Small switches 

Although dual imaging and faster scanning are 
enhancing fluorescence imaging, the next step 
in improving the optical resolution of micro- 
scopes might require all developers to look 
more closely at the properties of those fluores- 
cent proteins. “Optics alone can only provide 
resolution to a certain limit,” says Davis. 


of optical microscopy was 
thought to be determined by the diffrac- 
tion barrier of light. For example, in a high- 
resolution confocal microscope, a beam of light 
is focused down to a spot on the focal plane of 
about 200 nanometres in size. Because all mal- 
ecules within that spot are excited in parallel, 
the spatial resolution is limited to about this 
value. Hell’s approach with STED was to use 
the transition states of fluorophores, or their 
photoswitching capabilities, to effectively 
reduce the size of that spot — potentially all 
the way down to a single molecule. In a STED 
microscope, the focal spot is overlapped with 
a ring of light that switches off fluorescence 
everywhere in the spot except at the centre 
of the ring. The outcome is a much smaller 
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molecules for optogenetic 
control of neurons. These were 
an inhibitor called halorhodopsin, 
and a Volvox channelrhodopsin 
that can also initiate neuronal 
activity, but is more than 100 
nanometres red-shifted from 
the peak of the Chlamydomonas 
channelrhodopsin, allowing 
separable channels of optical 
control. They also developed 
various targeting strategies 

to get channels expressed in 


specific neuronal cell types and 
populations, and fibreoptic/laser- 
diode hardware for adaptation to 
mammals. 

The growing number of 
researchers interested in applying 
optogenetic approaches to their 
particular research questions has 
led to an unexpected effort within 
Deisseroth's lab. “Technology 
distribution and helping other 
researchers has been another 
big part of what we are doing,” 
says Deisseroth. His lab 


retinal in the brains of mice 
for the channels to function 


properly, invertebrates 


must be supplemented with 


all-trans retinal through 


their diet to achieve channel 


activation. 


As the basic use of these 


light-activated channels 


for studying brain function 


and circuitry gains more 


traction in the neuroscience 


community, Deisseroth 
is taking the technology a 


Light is used to openion channels and 
activate specific neurons in the brain. 


Mouse brain neurons can be stimulated by light 
from fibre-optic cables attached to the animal. 


has supplied clones of 
the channels to more 
than 300 other labs 
around the globe for use 
in organisms ranging 
from mice to fruitflies. 
Although the channels 
have worked in every 
species tried thus far, 

in some cases, minor 
modifications have been 
required. Although there 
is sufficient all-trans 


step further. He sees patients at 
Stanford Medical School and, using 
optogenetic approaches, his lab 
establishes different animal models 
of neuropsychiatric disease. 

“We now have models of 
Parkinson's disease, depression and 
altered social behaviour relevant 
to autism," notes Deisseroth. In 
all of these disorders, the circuit 
dynamics are not working well, 
so Deisseroth’'s goal is to use his 
optogenetic models to deconstruct 
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the neural circuitry in an attempt to 
better understand which parts of 
the brain are functioning properly, 
and which are not, in the different 
disease states. 

With the ability to work on a wide 
range of organisms, an expanding 
tool kit, and growing interest among 
researchers, Deisseroth sees even 
greater possibilities for the system. 
“Inthe end, if you can get the gene 
in, along with the proper light, it 


works very well.” N.B. 
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COMPANY PRODUCTS/ACTIVITY LOCATION URL 
Fluorescent probes and quantum dots 

AnaSpec Fluorescent dyes and physiological indicators; FRET probes; labelling kits for proteins and peptides San Jose, California WWW.anaspec.com 
Biotium Fluorescent dyes and indicators; cell-biology and apoptosis assay kits Hayward, California www.biotium.com 
BioVision Fluorescent protein vectors, antibodies, tools and kits for cell-biology research Mountain View, California www.biovision.com 
Cisbio Time-resolved FRET assays Bedford, Massachusetts www.htrf.com 
Clontech Fluorescent proteins and reagents, fluorescent reporter systems Mountain Valley, California www.clontech.com 
Covalys Self-labelling fluorescent tags, TR-FRET systems, protein interactions systems Witterswill, Switzerland www.covalys.com 


Denovo Biolabels 
eBioscience 
Evrogen 

GE Healthcare 
Invitrogen 

LI-COR Biosciences 
LUX biotechnology 


MBL International 


Development of fluorescent markers and dyes for bioanalytical applications 
eFluor high-yield quantum nanocrystals for imaging applications 
Fluorescent proteins and molecular-biology systems 


Fluorescent proteins for cell analysis and drug-screening applications 


Fluorescent proteins, dyes and quantum dots 


Near-infrared dyes for labelling antibodies and other proteins; in vivo imaging applications using 
near-infrared dyes 


GFP vectors and proteins, phosphoproteins and luciferase vectors and proteins 


Fluorescent probes and photoconvertable proteins 


Minster, Germany 

San Diego, California 
Moscow, Russia 
Piscataway, New Jersey 
Carlsbad, California 
Lincoln, Nebraska 
Edinburgh, UK 


Woburn, Massachusetts 


www.biolabels.com 
www.ebioscience.com 
WwWw.evrogen.com 
www4.gelifesciences.com 
www.invitrogen.com 
www.licor.com 
www.luxbiotech.com 


www.mblintl.com 


Mo Bi Tec Fluorescent dyes and conjugates; fluorescent calcium indicators Gottingen, Germany www.mobitec.de 
Promega HaloTag system for protein tagging Madison, Wisconsin www.promega.com 
VisEn Medical Probes to detect matrix metalloprotease and cathepsin K activity; tomography imaging systems Bedford, Massachusetts www.visenmedical.com 
Cell imaging and microscopy 

Applied Precision Restoration microscopy, high-content cell imaging and image-analysis tools Issaquah, Washington www.api.com 


Carl Zeiss 

Chroma Technology 
Cytonome 

Dako 

Fujifilm 

Hamamatsu 

Improvision 

Intracellular Imaging 

Iss 

Leica Microsystems 
Lightools Research 

MAG Biosystems 
Mauna Kea Technologies 
Micro Video Instruments 


MMI Molecular Machines and 
Industries 


Nanoptek 

Ningbo Kingstic 
Nikon 

Olympus America 
Omega Optical 


Optronics 


icroscopes, digital imaging of cells, image-analysis software 

Optical filters 

High-speed optical cell sorting 

Automated cellular imaging, fluorescent-activated cell-sorting instruments and kits 
maging systems for array analysis 

maging systems 

Three-dimensional imaging software 

Digital fluorescence imaging and photometry systems 


Spectrofluorometers for applications including time-resolved confocal microscopy, life-time 
imaging and fluorescence-correlation spectroscopy 


Light microscopes, stereomicroscopes and confocal microscopes; imaging-analysis software 
In vivo imaging tools, systems and filters 

icroimaging systems for FRAP; multichannel-imaging and spectral-imaging systems 
iniaturized fluorescence confocal microscopy system for in vivo intra-tissue imaging 
icroscopes and accessories 

Equipment for micromanipulation and microdissection 

Digital tunnelling microscopes 


Stereomicroscope, digital microscopes and epi-fluorescence microscopes and accessories 


icroscopes and imaging systems; digital imaging; in vivo imaging solutions 


Optical filters and coatings for imaging; custom filters 


Digital cameras for microscopes; image-analysis software 


maging solutions, microscopes, objectives, digital cameras, imaging software and analysis tools 


Jena, Germany 
Rockingham, Vermont 
Boston, Massachusetts 
Carpinteria, California 
Stamford, Connecticut 
Hamamatsu City, Japan 
Coventry, UK 
Cincinnati, Ohio 
Champaign, Illinois 
Wetzlar, Germany 
Encinitas, California 


Pleasanton, California 


Paris, France 

Avon, Massachusetts 
Glattbrugg, Switzerland 
Maynard, Massachusetts 
Ningbo, China 

Melville, New York 

Center Valley, Pennsylvania 
Brattleboro, Vermont 


Goleta, California 
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www.zeiss.com 
www.chroma.com 
www.cytonome.com 
www.dakousa.com 
www.fujimed.com 
www.hamamatsu.com 
www.improvision.com 
www.intracellular.com 


www.iss.com 


www.leica-microsystems.com 
www.lightools.com 
www.magbiosystems.com 
www.maunakeatech.com 


www.mvi-inc.com 


www.molecular-machines.com 


www.nanoptek.com 
www.biomicroscope.com 
www.nikoninstruments.com 
www.olympusamerica.com 
www.omegafilters.com 


www.optronics.com 
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URL 


Princeton Instruments 


Equipment for imaging and spectroscopy 


Trenton, New Jersey 


www.princetoninstruments.com 


Semrock Optical filters for microscopy applications Rochester, New York www.semrock.com 
UVP Instruments for in vivo whole-animal imaging using fluorescent proteins Upland, California WWW.uvp.com 
Visiopharm Software packages for the analysis and management of imaging data Harsholm, Denmark www.visiopharm.com 
General 


Applied BioPhysics 
ALEXIS Biochemicals 


AMS Biotechnology 


Beckman Coulter 
BioFlow Technology 
Biomol 

Bio-Rad 

BMG LABTECH 
Brinkmann Instruments 
Cambrex 

EMD Biosciences 
Eppendorf 

EUGENEX Biotechnologies 
Gilson 

Hamilton 

Harvard Apparatus 
Horiba Jobin Yvon 
Integra Biosciences 
Irvine Scientific 

Merck 

Molecular Devices 

MP Biomedicals 

Nalge Nunc International 
New England Biolabs 
PerkinElmer 

Roche Diagnostics 
Stratagene 

Takara Bio 

Thermo Fisher Scientific 
Tocris Bioscience 

Wako Chemicals USA 


USB 


@ see advertisement 
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Automated instruments for cell monitoring and electric cell-substrate impedance sensing 
Suppliers of reagents for molecular and cell-biology research 


Antibodies to GFP, antibody microarrays, tools for cell-signalling research and protein 
biochemistry 
Automated tools for genomics and proteomics research 


Developing bioreactor systems for the culturing of cells in a three-dimensional environment 


Services for chemical synthesis, cell culture and antibody production 


Products, instruments and software for life-sciences research 


Microplate and array readers and handling systems 


Laboratory instrument supplier; consumables 


Products for molecular and cell-biology research 

Calbiochem, Novabiochem and Novagen product lines 

Consumables for molecular biology; instrumentation 

Development of test cell lines 

Pipettes, automated liquid handling, liquid-chromatography systems and software 
Automated liquid-handling stations 


Instruments and equipment for electrophysiology and cell biology 


Spectroscopy systems and accessories including Raman, atomic-emission and UV spectroscopy 


Equipment for sterilization, liquid handling, cell culture and sample storage 
Defined media for cell-culture applications; custom media services 
Chemicals, kits and reagents for molecular- and cell-biology-related research 
Liquid-handling and microplate-processing equipment; imaging instruments 
Reagents and chemicals for research 

Labware 
Molecular-biology-related reagents, kits and enzymes 

nstruments, reagents and kits for life-sciences research 

Reagents and kits for molecular biology; genomics instrumentation and software 


Tools and reagents for molecular-biology, genomics and proteomics research 


Reagents, kits and consumables for molecular biology 
Chemicals and reagents for life-sciences research; instruments, robotics and automation 
Chemicals for life-science research; contract research services 


Speciality chemicals; clinical diagnostic reagents 


Chemicals and reagents for molecular biology 


Troy, New York 
Lausen, Switzerland 


Abingdon, UK 


Fullerton, California 

Novi, Michigan 
Hamburg, Germany 
Hercules, California 
Offenburg, Germany 
Westbury, New York 
East Rutherford, New Jersey 
San Diego, California 
Hamburg, Germany 
Tagerwilen, Switzerland 
Middleton, Wisconsin 
Reno, Nevada 

Holliston, Massachusetts 
Edison, New Jersey 

Chur, Switzerland 

Santa Ana, California 
Darmstadt, Germany 
Sunnyvale, California 
Santa Ana, California 
Rochester, New York 
Ipswich, Massachusetts 
Waltham, Massachusetts 
Burgess Hill, UK 

La Jolla, California 

Shiga, Japan 

Waltham, Masachusetts 
Bristol, UK 

Richmond, Virginia 


Cleveland, Ohio 
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www.biophysics.com 
www.alexis-corp.com 


www.amsbio.com 


www.beckmancoulter.com 
www.bioflowtech.com 
www.biomol.de 
www.bio-rad.com 
www.bmglabtech.com 
www.brinkmann.com 
www.cambrex.com 
www.emdbiosciences.com 
www.eppendorf.com 
www.eugenex.com 
www.gilson.com 
www.hamiltoncompany.com 
www.harvardapparatus.com 


www.jobinyvon.com 


www.integra-biosciences.com 


www.irvinesci.com 
www.merck.de 
www.imoleculardevices.com 
www.mpbio.com 
www.nalgenunc.com 
www.neb.com 


las.perkinelmer.com 


www.roche-applied-science.com @ 


www.stratagene.com 
www.takara-bio.com 
www.thermofisher.com 
www.tocris.com 
www.wakousa.com 


www.usbweb.com 
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naturejobs 


ne stereotypical public perception of scientists is of stoic, noble figures 

who don lab coats and work religiously for years on end until they 

are rewarded with a major discovery. This image is, of course, flawed 

for many reasons — one being that scientists, like everyone else, are 
emotional about their work. The lucky ones are passionate about it. And emotion is 
an important force motivating experiments and career decisions. 

This week we delve into the fossil-fuels industry and explore opportunities 
available to geologists, chemists, physicists and computer scientists (see page 
832). For many, such careers can be rewarding, financially and otherwise. Much 
of this work has a satisfying problem-solving element. The aim is clear, as are the 
rewards: find the oil (or a better way to extract it) and your company will profit — 
potentially in a big way. And with the demand for new recruits still high despite the 


economic downturn, salaries should stay sizeable. 
Some scientists, though, might have reservations about such work. Oil and coal 

companies can be seriously detrimental to the environment and to wildlife. Those 

who feel science is a means to work towards a greater good — curing disease or 


solving the energy crisis — might frown on such vocations. 

Krystal Walker, a student at the University of Utah's mining programme in Salt 
Lake City and a self-identified environmentalist, decided she was going to try to 
change these companies’ practices from the inside, by finding ways to minimize 
their impact on the landscape. This, of course, is a bold gambit with no guarantees. 

Those with a passion for saving our planet or benefiting society may be better 
served by a job ina non-governmental organization (see Nature 455, 1002-1003; 
2008). As Anumita Roychowdhury, associate director of the Centre for Science 
and Environment (CSE) in Delhi, India, put it in our recent story: the CSE looks for 
people who are a “little mad about things”. For those people, the practical problem- 


solving of the oil and coal industries might not be quite enough. 
Gene Russo is editor of Naturejobs. 
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Staff shortages in the US*ossil-fuel industry are good news for 
geologists, chemists and physicists. The boom is likely toss. 
continue despite the economic downturmand the rise of 


renewable energy,says Emma Marris. 


SS 


s Garrett Vice approached the end of 
his master’s degree at the University of 
Nevada Mackay School of Earth Sciences 
and Engineering in Reno, the job offers 
started arriving. He found potential opportunities 
at geothermal companies, mining companies, 
oil companies and state agencies. Vice settled on 
a position with ExxonMobil in Houston, Texas, 
won over by on-the-job training that combined 
mentoring and two years of classes in geophysics. “It 
is phenomenal,’ he says of the training, which focuses 
on practical problem-solving. “Every day I feel like 
Sherlock Holmes.” And the salary, says Vice, was 
higher than he expected. He and his wife have already 
bought a house in Houston. 

The fossil-fuel industry is hungry for more people 
like Vice. Pay for geologists in the US petroleum 
industry has risen by well over a third since 2005, 
according to a survey by the American Association of 
Petroleum Geologists (see http://tinyurl.com/6mxfry). 
New hires, typically with master’s degrees, can expect 
to start at about US$82,000 a year plus a signing bonus. 
In comparison, the American Geological Institute 
reports that environmental or government jobs for 
geoscience master’s graduates pay about $45,000 a year 
(see http://tinyurl.com/66b88w). 

Purveyors of oil, gas and coal also need chemists, 
physicists and computer scientists. Generally, the 
geoscientists and physicists work on ‘upstream jobs: 
finding and extracting supplies. Chemists often work 
on downstream jobs, induding dividing crude oil 
into multiple streams and transforming each into fuels 
and other commercial products. Computer scientists 
work on software to improve and accelerate both 
downstream and upstream tasks. 

But the highest demand for expertise is in the 
geosciences. And most industry insiders insist that 
the boom will continue for the foreseeable future. 
Mike Nelson, chairman of the mining engineering 


832 


department at the University of Utah in Salt Lake 
City, says that at least one mining company wooed his 
students with starting bonuses totalling $10,000 a year 
for the first five years. “They were so desperate to get 
people to work in their mine in Wyoming,” he says. 
Chemists and chemical engineers are in high 
demand as well, according to Bill Lemons, regional 
director for staffing firm Kelly Scientific Resources 
in Houston, Texas. They typically help improve the 
manufacture of fuels or develop new polymers and 
membranes for different commercial products. The 
American Chemical Society’s 2006 salary data show 
chemical engineering PhDs fetching a median starting 
salary of approximately $88,000 in the oil industry. 
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Making way for the next boom 
The reason for this vigorous demand? The large 
number of scientists trained in the 1960s and 1970s are 
reaching retirement age. And lay offs in the subsequent 
two decades have left few mid-career workers ready to 
replace them. This has created “a gap of competence’, 
according to James Taranik, director of the Mackay 
School. “In the science disciplines, we are starting 
to see a demand that is far outstripping supply,’ says 
Taranik. “It is changing practically instantaneously as 
the baby-boom generation is beginning to retire” 
High energy prices — peaking in July with oil at 
$148 a barrel — have helped pay for new salaries. But 
September's economic upheaval and sub-$50-a-barrel 
oil have yet to change hiring trends. Taranik suggests 
that, although the economic slowdown may be causing 
a slight sag in the industry, strong growth in China, 
India and Brazil will offset this in the long-run. Oil 
companies are often very conservative when making 
business decisions, ignoring short-term fluctuations in 
oil price and assuming a conservatively low per-barrel 
base price. “Most companies never used a price much 
over $40 in calailating their economics,” says executive 
recruiter Mike Ayling of MLA Resources in Tulsa, 
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Oklahoma. He adds that most companies 
have been “operating so thin on expertise 
that there is little room to lay everyone off”. 
The worldwide operations of BP for 

example, hire about 650 college graduates a 
year. BP spokesman Robert Wine estimates 
that two-thirds or more are scientists. And 
Wine is confident that trend will continue. 


“These numbers are not affected by the University of Utah students go underground. 
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in recovering bitumen, a process that took a leap 
forwards in the mid-1990s, when Syncrude researchers 
invented a way to pipe oil sands mixed with water 

over long distances for processing. Syncrude has been 
tweaking this system ever since. The company also 
needs chemists to work on ways of limiting wear and 
tear on equipment; oil sands corrode the teeth on the 
enormous shovels. 

Practical problem solving attracts many scientists to 
oil exploration. “It is one of the fulfilling jobs a scientist 
can have,” says Adam Seitchik of Devon Energy. 

“You are actually doing what you went to school for 

in your day-to-day job” Until recently switching to a 
managerial role, Seitchik worked with data provided 
by service companies: seismic images of 

the soil beneath kilometres of water in the 
Gulf of Mexico. Aided by special software, 
Seitchik would interpret the processed data 
and generate maps of geologic structures that 
might hold or trap hydrocarbons migrating 
upwards in porous rock. 
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Digging for coal 

Exploration for coal is generally more 
straightforward than for oil, as coal is often 
found near the surface over a large area — 
sometimes even exposed on a hillside. But 
mining it can be just as tricky. Nevertheless, 
many jobs entail what Nelson describes as 
“day-to-day getting the rock out of the hole”. 
Geologist Terry Rowland and his crew, who 
work for the Coteau Properties Company 
in North Dakota, routinely drive out on 

the rolling prairie ahead of ongoing mining 
operations. They bore holes in the ground 
and lower probes in. The measurements they 
get back — including electrical resistance, 


current climate,” he says. “Our projects are 

20-, 30-, 40-year investments, so we need to keep the 
recruitment of the next generation well up.’ A smaller 
oil company, such as Devon Energy of Oklahoma City, 
has about 300 geoscientists on the payroll at any time. 

There are also ‘service companies’ such as 
Halliburton, Baker Hughes and Schlumberger, all 
based in Houston, which provide specific skills and 
data to the major companies on a contract basis, and 
hire numerous chemists, geoscientists, computer 
scientists and physicists. For example, Schlumberger, 
which spent $728 million on research and development 
(R&D) last year, collects and sells seismic profiles of 
different regions, provides companies with real-time 
data streams about new holes while they drill, manages 
projects and sells specialized tools. 

An insatiable thirst for energy has also meant new 
frontiers and new opportunities. Opened in the late 
1970s, Alberta's oil sands in Canada (pictured above) 
are bustling with activity. The recoverable bitumen, a 
type of heavy petroleum mixed with dirt, represents 
173 billion barrels of oil. That’s the most oil in one 
place outside Saudi Arabia, according to Alberta's 
government (see http://tinyurl.com/6d4x32). The 
largest oil-sands company, Syncrude, based in Fort 
McMurray, spends Can$40 million (US$32 million) 

a year on R&D, has about 100 scientists on staff, and 
funds research at institutions such as the University of 
Alberta in Edmonton and the University of Waterloo 
in Ontario. Companies want to become more efficient 


density and natural radioactivity — are used 
to advise the drivers of heavy machinery. “It is not bad, 
except for when the wind blows, which is almost all 
the time,’ says Rowland, who entered the field in 1976 
with a bachelor’s degree in geology. At larger offices, he 
adds, “the younger ones go out, and the older guys stay 
in the office. But I am kind of a lone ranger out here.” 

Rowland is a survivor. He has made it through three 
rounds of lay offs — once when 17 out of 20 colleagues 
lost their jobs. Despite bold projections about 
continued demand for scientists, the energy business 
is cyclical, as the lean years in the 1980s and 1990s 
demonstrated. “There will be down years and there will 
boom years,’ admits Lemons, echoed by many other 
industry insiders. 

Rowland says researchers must be willing to roll 
with the changes and the inconveniences. In 1990, his 
company moved him from its Bismarck offices to the 
mine near the hamlet of Beulah, 86 miles away. He 
arranged a four-day week and rented a small apartment 
in Beulah, to limit commuting. On Thursdays, he 
heads home for three days with his family in Bismarck. 

Many in the industry will be asked to make bigger 
moves. According to Lemons, energy-industry 
scientists are an itinerant band, with Houston asa 
crossroads for many. “That is absolutely part of the 
package,” Lemons says. “They'll end up in Asia, the 
Middle East or Africa, and we have a lot of people that 
travel back and forth to Alaska” 

Taranik says “J tell our students that they can expect 
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to work on most of the continents of the world. But we 
do find out that there are students who don’t want to 
work overseas because they are afraid of terrorists or 
malaria or dengue or hepatitis C. Some of the students 
are reluctant to be adventurers. The adventurers just 
can't wait to go to these places.” 

But timidity isn't the only reason to think twice about 
jobs in the industry. The environmentally minded 
could have qualms about working for companies that 
profit from greenhouse-gas-emitting energy sources — 
companies with a reputation for polluting and also for 
taking advantage of small communities. 

Krystal Walker has ‘a green streak’, but learned of 
the high demand for mining engineers a couple of years 
back while working, unhappily, as an administrative 
assistant after she had dropped out of a master’s in 
biology. “I was horrified by the idea — J can’t go into 
mining! That's going to the dark side,” says Walker. 
Eventually, though, she decided t would be “easier to 
make changes from the inside than from the outside’. 
She’s now in her third semester at the University of 
Utah's renowned mining programme and hopes to 
use her biology training to help companies minimize 
damage to the landscape and facilitate reclamation of 
mined sites. Her husband is supporting her while she 
studies, but she expects the financial sacrifice to be 
worth it: she made a dal with her husband. I could do 
the course “if I would make in two years more than I 
would have made in the three years I was in chool,’ 
she says. 

Keith Slack, manager of the extractive industries 
programme at Oxfam America, is constantly on the 
lookout for people with technical training who want to 
work with environmental or community groups. In the 
case of a dispute with an energy company involving its 
refinery or mining site, they might help the locals set 
up water-quality monitoring or understand technical 
documents such as environmental-impact statements. 
Some of these jobs are volunteer positions for non- 
profit organizations supporting community groups. 
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‘It may not be easy 
to find classes 

on social and 
environmental 
issues. You may 
have to register at 
other schools.” 

— Keith Slack 
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But there are paid positions for technical experts such 
as consulting geologists at outfits such as the Center for 
Science in Public Participation in Bozeman, Montana, 
or Engineers Without Borders in Cambridge, UK. 

Slack helps inform students at mining schools about 
some of the environmental and human-rights aspects 
of their future careers. He suggests that students 
educate themselves about what he sees as “increasingly 
bottom-line issues”: more and more, international 
laws have made behaving as an irresponsible corporate 
citizen bad for business. 

“Tt may not be easy to find classes to give them 
training on social and environmental issues; Slack 
says. “They may have to cross-register at other schools 
or branch out onto other departments.” 


Stepping between old and new 

Some of the more environmentally conscious might 
choose to pursue a career path in the renewable-energy 
industries, which are likely to see continued growth. 
But although renewable energy has been the subject 

of much political wrangling and media attention, jobs 
related to traditional fuels are likely to offer promising 
career paths for many years to come. 

Fossil-fuel industry jobs may use skills that are 
transferable to renewables. An oil-industry geologist 
could turn to finding promising sources of geothermal 
energy; a chemist could work to make reactions more 
efficient at a biofuels company. A scientist could 
conceivably bounce back and forth between the old 
industries and the snazzy green newcomers, even 
within the same large, energy company. 

Vice, currently gaining geophysics expertise from 
his near-retirement mentors at ExxonMobil, originally 
hoped for a job in geothermal energy. Perhaps in ten 
years, as the push for alternative energies continues, he 
will use that expertise to hop from one energy stream 
to another, as he pleases. | 
Emma Marris is a correspondent for Nature based in 
Columbia, Missouri. 
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Man of steel 


A long and happy life? 


rpg 


The suicide note itself wasn't particularly 
remarkable. 

Handwritten, of course. Even the old- 
est computers would have detected the 
quiver in the voice, or parsed the strained 
phraseology, and automatically alerted the 
authorities. The blue ink scratched its way 
across the paper, as if hard pressed to recall 
the individual shapes of letters. At one 
point the nib had pierced the white sheet. 
Few people wrote regularly with pens. It 
was still taught at school, but the odd love 
letter or shopping list was as far as most 
people got. And suicide notes, of course. 
This was no different; the writing was that 
of the very old, or the very young. 

In a way the hand was old, the oldest 
that had still lived. But just as the sunrise 
is as dd as time and new each dawn, so this 
hand was new: three months and twelve 
days, according to the factory’s records. 

Even the words, the symbols of the man’s 
thoughts, were not worthy of note. They 
would have won no literary prize; inspired 
no doomed, romantic quest; enquickened 
no tired and demoralized army. The very 
human story was the usual one: of love, of 
ennui and, ultimately, of heartbreak. 

No one, least of all himself, remembered 
quite when or how he had lost his irst hand, 
more than 300 years ago. The accident was 
recorded, but if the loose-leaf binder still 
existed, the cheap ink was long faded into 
obscurity. Sometimes he daimed it was an 
explosion in a fume hood; at other times a 
gas cylinder had fallen from its moorings 
and crushed him. 

What his memory was clear on, and 


what was attested to in the medical liter- 
ature, was that he had attached (‘single- 
handedly, haha!’ he would joke) an arti- 
ficial limb to the remains of his own arm. 
Not a simple prosthetic, but a fully func- 
tioning organ of composite fibre, ceramic 
joints and golden threads carrying two- 
way nervous traffic. The body’s own elec- 
trical impulses provided power to the tiny 
servos that drove the slender titanium 
flexors and extensors. 

No accident, the second prototype: it 
was tested and retested, planned months 
in advance. His wife directed the opera- 
tion, and when he woke, his right arm to 
the shoulder was fully robotic. A fortnight 
later, while he was still delirious from anti- 
biotics and analgesic, she was killed by a 
drunk-driver. 

The record shows that he opened a new 
lab with venture capital, employed three 
dozen scientists and disappeared into his 
research. The exclusive dinic followed: he 
himself was its first patient, walking out 
on legs of alloyed titanium — and straight 
back into the lab. 

Half a dozen more clinics started up 
across the nation, opening their doors to 
anyone whose medical insurance would 
pay the fees. For ten years the company 
replaced natural limbs with artificial con- 
structs that were functionally equivalent to 
the original. More than equivalent: these 
never wore out, never got cancer, never got 
tired, never felt weak or cold. 

For ten years the clinics operated and 
the lab researched. No papers were pub- 
lished, no patents applied for, and investors 
grew nervous. Interest waned. Two clinics 
closed; a third of the research staff was laid 
off. Rumours circulated, created by and lost 
in the noise of the Internet. It was another 
three years later when, finally, a press 
conference was called on the lawn of the 
first clinic, the handful of journalists who 
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bothered to turn up were turned away — 

— and were called back, to face a man 
who under crepusculine clouds glistened. 

The patents and the papers followed on 
the morrow: the artificial blood, the fuel 
cells, the intricate and minuscule fibres 
and vessels and motors: in short, a body 
wonderfully and fearfully man-made. 

Only his face appeared natural, and over 
the following years even that was slowly 
replaced. Having no need df food, depend- 
ing solely on a defined and especially for- 
mulated medium, protected by filters and 
powered by the elements, no toxins could 
threaten him. With hard, durable alloys 
and man-made composites in place of 
bones and tissues, redundant systems and 
every organ replaceable, he was all but 
indestructible. 

Alzheimer’s had been cured by the time 
he reached 105, and the last bastion of 
mortality — the uncontrolled cell division 
leading to legion neoplasms — tamed a few 
years after that. And then he was a living 
brain in a metal and plastic shell, talking, 
walking and living: never fatigued, immune 
to all disease, the Tree of Life incarnate. 

For 200 years he lived like this, never 
needing to eat: a weekly cocktail of nutri- 
ents and pharmaceuticals keeping the one, 
irreplaceable fleshly and uniquely human 
organ alive. 

When the end came it was without fan- 
fare or press conference. No papers were 
written, no patent lawyers notified. With 
the finest of Torx drivers he opened an 
access panel, removed a wire, took out a 
power cell, held it — his life in his own 
hands. 

The suicide note of the world’s first 
immortal ended simply enough: 

I cannot live without her. a 
rpg is the nom de plume of a molecular 
cell biologist and hopeless romantic at the 
University of Sydney. 
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